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ADVANCED SYSTEMS TRAVERSE RESEARCH PROJECT REPORT 

by 

G. E. Ul r ich  

ABSTRACT 

This r epor t  p resents  the  r e s u l t s  of t he  Advanced Systems Tra- 
verse Research P r o j e c t  f o r  f i s c a l  year  1968. 

The Or ien ta l e  region on the  w e s t  limb of the  Moon w a s  selected 
f o r  prel iminary traverse research  because of i t s  v a r i e t y  of physio- 
graphic  f e a t u r e s  and i ts  p o t e n t i a l  f o r  so lv ing  many of the  broader 
lunar  problems. The region is dominated by a l a rge ,  young, mult i -  
r i n g  s t ruc tu re - - the  Or i en ta l e  basin--about 900 km i n  diameter. 
The o r i g i n  and geologic  h i s t o r y  of the bas in  have been va r ious ly  
a t t r i b u t e d  t o  volcanism, tectonism, and t o  impact by a n  a s t e ro id -  
s i zed  body. 

f l y i n g  u n i t s  w i l l  be a f f e c t e d  by c r a t e r  d e n s i t y  and geometry, 
small-scale  su r face  roughness, and the mechanical p rope r t i e s  of 
s u r f i c i a l  materials. Topographic d e f i n i t i o n  is a f i r s t  s t e p  i n  
es t imat ing  these  p rope r t i e s ;  i t  is  a l s o  e s s e n t i a l ,  on a d i f f e r e n t  
scale, f o r  geologic  ana lys i s  and f o r  r e l a t i n g  geophysical d a t a  t o  
the  subsurface s t r u c t u r e  and s t r a t i g r a p h y  of the  lunar  c rus t .  

A group of missions combining an  intermediate- length manned 
traverse of approximately 400 km with  automated veh ic l e  missions 
a t  both ends is proposed f o r  s tudying the  Or i en ta l e  basin.  
va lue  of open-ended traverses, a closed mobile labora tory ,  and 
a u x i l i a r y  f l y i n g  u n i t s  is evident  f o r  missions aimed a t  explor ing 
major p lane tary  problems. 

Orb i t e r  photography, designed f o r  high-qual i ty  photogrammetric 
reduct ion,  be obtained of areas being s e r i o u s l y  considered f o r  
extended lunar  traverses. 

The movement of lunar  su r face  veh ic l e s  and the  landing of 

The 

A s  a r e s u l t  of t h i s  s tudy it i s  s t rong ly  recommended t h a t  new 
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INTRODUCTION 

The Advanced Systems Traverse Research P r o j e c t  commenced i n  

July 1967 as an  outgrowth of d i scuss ions  among Nat ional  Aeronau- 

t i cs  and Space Adminis t ra t ion  Headquarters,  Manned Spacecraf t  

Center,  Marshall  Space F l i g h t  Center,  and the  U . S .  Geological 

Survey. 

long-range geologica l  and geophysical traverses on the  Moon, wi th  

p a r t i c u l a r  a t t e n t i o n  t o  the  t r a f f i c a b i l i t y  c h a r a c t e r i s t i c s  of 

d i f f e r e n t  geologic  t e r r anes ,  the p o t e n t i a l  s c i e n t i f i c  va lue  of 

such inves t iga t ions ,  and the  s p e c i f i c  and unique c a p a b i l i t i e s  

t h a t  continuous su r face  explora t ion  con t r ibu te s  t o  the  s o l u t i o n  

of r eg iona l  geologic  problems. Sur face  mobi l i ty  concepts t o  be 

considered range from a single-man open veh ic l e  through a com- 

p l e t e l y  enclosed s c i e n t i f i c  labora tory  f o r  long-range explora t ion  

including the added p o t e n t i a l  of unmanned conf igura t ions  where 

appl icable .  

It was o r i g i n a l l y  conceived as a f e a s i b i l i t y  s tudy of 

The f i r s t  h a l f  y e a r ' s  e f f o r t  was spent  pr imar i ly  on inves t i -  

ga t ing  techniques of determining the  t e r r a i n  c h a r a c t e r i s t i c s  and 

o the r  v a r i a b l e s  along hypothe t ica l  lunar  traverse rou te s ,  so t h a t  

reg iona l  t r a f f i c a b i l i t y  c h a r a c t e r i s t i c s  i n  areas of s c i e n t i f i c  

i n t e r e s t  could be evaluated. The remainder of the f i s c a l  year  

was devoted t o  planning traverses f o r  s p e c i f i c  areas of s c i e n t i f i c  

i n t e r e s t  with s p e c i a l  emphasis on the Or i en ta l e  region ( s e e  p. 

30). 

The t echn ica l  cont r ibu t ions  t o  t r ave r se  research  p resen t ly  

include the  app l i ca t ion  of shadow measurements, a n a l y t i c a l  para l -  

l a x  measurements, and photogrammetry. Many of the l i m i t a t i o n s  

on photogrammetric techniques imposed by equipment now i n  use 

should be reduced when the  tes t  tr ials on the AP/C a n a l y t i c a l  

p l o t t e r  are completed. Research i n  the  Advanced Systems P r o j e c t  

i s  coordinated wi th  t h a t  i n  the Te r ra in  Analysis ,  T r a f f i c a b i l i t y ,  

and Lunar Mapping P r o j e c t s  and f u l l y  u t i l i z e s  the  r e s u l t s  of 

those s tudies .  
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The Or ien ta l e  region on the  w e s t  limb of the  Moon ( f i g .  1) 

has been chosen f o r  prel iminary comparative s t u d i e s  of post-Apollo 

missions. This i s  a l o g i c a l  p lace  t o  apply long-range traverse 

s t u d i e s  and t o  extend the  base of s c i e n t i f i c  information t h a t  w i l l  

have developed from loca l i zed  s t u d i e s  on earlier missions. Pre- 

l iminary mission p r o f i l e s  w i l l  incorporate  long-base geophysical 

measurements, v i s u a l  observa t ions ,  sample c o l l e c t i o n  and a n a l y s i s ,  

naviga t ion  d a t a ,  and o the r  s c i e n t i f i c  requirements as e s t ab l i shed  

by c u r r e n t l y  a v a i l a b l e  documents. 

The need f o r  var ious  types of topographic information i n  

t r ave r se  research  and o the r  a spec t s  of mission planning has been 

examined i n  d e t a i l .  The p resen t  c a p a b i l i t y  of the U.S. Geological 

Survey and o the r  agencies f o r  producing the necessary information 

from e x i s t i n g  lunar  photography has been evaluated. Rudimentary 

s lope  and obs t ac l e  d a t a  f o r  a s t r a i g h t - l i n e  traverse i n  the  

Or i en ta l e  reg ion  have been obtained by ex t r apo la t ing  shadow mea- 

surements and c r a t e r - s i z e  frequency d i s t r i b u t i o n .  

Proposed d i r e c t i o n s  f o r  cont inua t ion  of the  Advanced Systems 

P r o j e c t  include more soph i s t i ca t ed  methods of t r ave r se  eva lua t ion  

wi th  p re sen t ly  a v a i l a b l e  photography. 

p e r t i e s  of lunar  s o i l s  and terrestrial  analogs i s  recommended. 

I n  add i t ion ,  recommendations are made f o r  new photographic cover- 

age of s e l ec t ed  mission sites by systems b e t t e r  s u i t e d  t o  photo- 

grammetric reduct ion  techniques. 

Study of engineer ing pro- 

PHYSIOGRAPHIC SUBDIVISION OF THE LUNAR SURFACE 

C l a s s i f i c a t i o n  of t he  lunar  su r face  has undergone numerous 

r ev i s ions  s i n c e  Ga l i l eo  f i r s t  descr ibed i t  as "rough, r e p l e t e  

wi th  cavities, and packed wi th  pro t ruding  eminences." Table 1 

compares recent  c l a s s i f i c a t i o n s  t h a t  are based on v i s i b l e  mor- 

phologic f e a t u r e s  and albedo va r i a t ions .  C l a s s i f i c a t i o n s  i n  the  

f i r s t  fou r  columns are the  r e s u l t  of Earth-based t e l e scop ic  ob- 

s e rva t ion ;  those i n  the  f i f t h  column are derived from s t u d i e s  of 

Lunar Orb i t e r  and Ranger photography. 
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Figure 1A.--Generalized map of Orientale basin region. (Drawn by 
Pat Bridges, U.S. A i r  Force, Aeronautical Chart and Information 
Center.) Scale approximately 1:7,000,000. 
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Figure 1B. --Index map of Or i en ta l e  bas in  region. Numbered rec- 

tangles  i n d i c a t e  areas shown by photographs i n  tex t .  
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The b a s i c  d i v i s i o n  i n t o  highlands and lowlands (terrae and 

maria, gene ra l ly  possessing h igh  and low albedo, r e spec t ive ly )  

w a s  e s t ab l i shed  by the  earliest t e l e scop ic  work. Craters and 

l i n e a r  f e a t u r e s  on these  major t e r r a i n  types became sub jec t s  of 

d e t a i l e d  s t u d i e s  wi th  the  advent of t e l e scop ic  photography. 

f inements i n  d e t a i l e d  morphologic d e s c r i p t i o n  of f e a t u r e s  less 

than 1 meter i n  s i z e  were made poss ib l e  by Ranger and Surveyor 

spacec ra f t ,  which photographed se l ec t ed  small areas. Larger sites 

near  the  e q u a t o r i a l  b e l t  are covered by 2-meter r e s o l u t i o n  photog- 

raphy from Lunar Orb i t e r s  I, 11, and 111. Fur ther  coverage of 

Apollo sites and some areas of post-Apollo s c i e n t i f i c  i n t e r e s t  

w a s  obtained wi th  5-meter r e s o l u t i o n  photography from Orb i t e r  V; 
60-100 meter r e s o l u t i o n  photographic coverage of most of t he  

e a r t h s i d e  hemisphere w a s  provided by Orb i t e r  IV. 

Re- 

This  spectrum of r e s o l u t i o n  has spawned e l abora t e  subdivi-  

s ions  of crater types such as those shown i n  t a b l e  1, based 

gene ra l ly  on d i f f e rences  i n  su r face  t e x t u r e  and f reshness  of 

crater r i m s  and on apparent  modif icat ion of r i m s ,  w a l l s ,  and 

f loo r s .  

mari ly  on two fac to r s :  age and o r i g i n a l  c r a t e r  s i z e  (N. J. Trask, 

1967,  unpub. r ep t . ) .  The morphologic f e a t u r e s  of a small crater 

are subdued more r ap id ly  than those of a l a rge  one. This  "aging" 

i s  i n t e r p r e t e d  t o  be the  r e s u l t  of me teo r i t i c  bombardment and 

seismic a c t i v i t y .  The s i z e  dependence of crater aging is  p a r t i c -  

u l a r l y  no t i ceab le  i n  craters up t o  8 km i n  diameter (Pohn and 

O f f i e l d ,  1967,  unpub. rep t . ) .  C h a r a c t e r i s t i c s  of l a r g e r  craters, 

from 8 km t o  several hundred k i loweters ,  are g ross ly  similar i n  

any given age class, al though i n  c e r t a i n  d e t a i l s  t he re  are diag-  

n o s t i c  morphologic d i f f e rences  between classes. The d i f f e r e n c e s  

include rim-crest o u t l i n e ,  na tu re  and e x t e n t  of terraces on cra- 

ter w a l l s ,  and presence o r  absence of rays- - fac tors  t h a t  appear 

t o  be a func t ion  of crater s i z e  and cannot a t  t h i s  time be eval- 

uated i n  terms of rock s t r e n g t h ,  layered s t r u c t u r e ,  o r  poss ib l e  

volcanic  processes  (Pohn and Of f i e ld ,  1967, unpub. r ep t . ) .  

The modi f ica t ion  of f r e s h  impact c r a t e r s  depends p r i -  

7 



SITE SELECTION AM) 

PRELIMINARY TRAVERSE RESEARCH 

I n  planning veh icu la r  traverses, the  v a r i e t y  of crater types 

and s i z e s  deserves  c a r e f u l  cons idera t ion  because: (1) the  o r i g i n  

and evo lu t ion  of craters and the  information they f u r n i s h  of t h e  

lunar  subsurface are sub jec t s  of s c i e n t i f i c  i n t e r e s t ,  and (2) cra- 

ters are the  primary obs t ac l e s  which a v e h i c l e  must avoid i n  o rde r  

t o  complete a mission. The l i n e a r  o r  s t r u c t u r a l  f e a t u r e s  l i s t e d  i n  

t a b l e  1 are of i n t e r e s t  f o r  similar reasons.  On a r eg iona l  b a s i s ,  

the genera l  p rope r t i e s  of maria and terrae w i l l  have been e s t a b l i s h -  

ed i n  several loca t ions  by missiofis preceding veh icu la r  traverses. 

Resul t s  from the  Surveyor missions suggest  t h a t  long-range unmanned 

t r ave r ses  may enable  exp lo ra t ion  of l a rge  mare areas such as Imbrium 

and T r a n q u i l l i t a t i s  wi th  rou t ine ,  repeti t ive experiments t h a t  can 

be automated. More soph i s t i ca t ed  s c i e n t i f i c  experiments and manned- 

mission concepts are app l i cab le  i n  t e r r a i n  t h a t  is geo log ica l ly  

and morphologically more complex. 

more important evidence concerning t h e  b a s i c  ques t ions  about the  

Moon than w i l l  the  broad expanses of maria. 

Such areas w i l l  probably provide 

Ear ly  lunar  missions w i l l  conduct l o c a l  geologica l  and geo- 

phys ica l  i nves t iga t ions  of near-surface f e a t u r e s ,  and automated 

geophysical observa tor ies  may provide important d a t a  on the Moon's 

deepest  regions.  However, a gap i n  our  pro jec ted  knowledge occurs 

i n  the zone between the Moon's s u r f i c i a l  materials and i t s  inner  

depths. The reg iona l  information needed t o  f i l l  the  gap can per- 

haps be gathered i n  mul t i - r ing  bas ins  which pene t r a t e  t h i s  zone. 

The Or ien ta l e  bas in  on the west limb of the Moon ( f i g .  1) has 

been se l ec t ed  as the  l o g i c a l  place f o r  prel iminary t r ave r se  re- 

search. It is  the  b e s t  exposed l a r g e  mul t i - r ing  lunar  bas in  and 

conta ins  near ly  a l l  the  f e a t u r e s  noted i n  t a b l e  1. A l a rge  vari-  

t y  of these  are of s c i e n t i f i c  i n t e r e s t  i nd iv idua l ly  f o r  later 

lunar  i nves t iga t ions ;  some are descr ibed i n  the last  s e c t i o n  of 

t h i s  repor t .  The e n t i r e  bas in  i s  uniquely s u i t a b l e  f o r  comparative 
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s t u d i e s  of both l o c a l  and r eg iona l  geologic  problems and f o r  plan- 

ning missions aimed a t  t h e i r  so lu t ion .  

The r eg iona l  subdiv is ion  of t he  Or i en ta l e  bas in  i n t o  n a t u r a l  

t e r r a i n  u n i t s  ( f i g .  1) coinc ides  gene ra l ly  wi th  the  d i v i s i o n  i n t o  

photogeologic u n i t s  ( f i g .  6 ,  p . 3 2 ) ;  both are de l inea ted  c h i e f l y  

on the  b a s i s  of morphologic c h a r a c t e r i s t i c s .  These u n i t s  i n  t u r n  

are l i s t e d  by r e l a t i v e  degrees  of roughness ( t a b l e  2 )  a t  the  70- 
meter scale of Lunar Orb i t e r  I V  photography. The smoother u n i t s  

are evaluated i n  terms of crater d e n s i t y  because c r a t e r s  are the  

major observable  obs t ac l e s  i n  the  areas where these  u n i t s  are ex- 

posed. 

Prel iminary t r a v e r s e  rou te s  may be evaluated by ex t r apo la t ing  

reso lvable  t e r r a i n  f e a t u r e s  such as crater dens i ty  down t o  scales 

t h a t  would a f f e c t  a su r face  vehic le .  The method i s  a tenuous one 

based on empir ica l  d a t a  from 2-5 meter - reso lu t ion  Lunar Orb i t e r  

photography of comparable t e r r a i n .  

Cra t e r - s i ze  frequency d i s t r i b u t i o n  curves are another  rough- 

ness  i n d i c a t o r  prepared from c r a t e r - d e n s i t y  da ta .  Figure 2 shows 

these  curves f o r  the Or i en ta l e  bas in  u n i t s .  A drawback t o  t h i s  

method of comparison i s  the  fact  t h a t  a s l i g h t  displacement between 

curves represents  a s i zeab le  d i f f e rence  i n  crater-based roughness. 

(Compare, f o r  i n s t ance ,  the  d i f f e rence  between Montes Rook Formation 

and c e n t r a l  bas in  mare i n  t a b l e  2 and f i g .  2 . )  

The rougher t e r r a i n  u n i t s ,  including the Cord i l l e r a  Formation, 

the scarps  of the C o r d i l l e r a  and Rook Mountains, and p a r t s  of the  

Montes Rook Formation and c e n t r a l  bas in  p l a i n s  u n i t s ,  are charac- 

t e r i zed  by l a r g e  s lope  va lues  and high percentages of s lope  rever-  

sals. Craters wi th in  these  u n i t s  c o n s t i t u t e  secondary obs t ac l e s  

and, as a r u l e ,  are less abundant than on l e v e l  areas, poss ib ly  

because s u r f i c i a l  material on s lopes  i s  less s t a b l e  than material 

on level t e r r a i n  and tends t o  bury o r  otherwise des t roy  craters 

more rapidly.  

Two pre l iminary  t r ave r ses  ac ross  Or i en ta l e  were se l ec t ed  ( f i g .  

3) f o r  experimentat ion wi th  photogrammetric, photometric,  a n a l y t i c a l  
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Table 2.--Roughness of photogeologic and t e r r a i n  u n i t s  of t he  

Or i en ta l e  b a s i n  (see f i g s .  1, 3, and 6 f o r  d i s t r i b u t i o n  of u n i t s )  

Percent  s a t u r a t i o n  by craters 

>lo0 meters i n  diameter 

Escarpments : 

C o r d i l l e r a  Mountains 

Rook Mountains 

Terra p l a i n s  u n i t s :  

Cord i l l e r a  Formation 

Montes Rook Formation 

Cent ra l  bas in  p l a i n s  material 

Fractured r o l l i n g  h i l l s  

Smooth l i g h t  p l a i n s  

Mare p l a i n s  un i t s :  

Cent ra l  bas in  mare 

Mare Veris 

Mare Autumni 

CGger  mare 

Grimaldi mare 

II! T T 
( s t e e p  s lopes  , 

lower crater 
d e n s i t i e s )  a, 

c"M 
c 

1 
0 
k 

8.5 

c 
.rl 
(d 

$4 
Q) 

8.6 h 

5 . 1  L) 

4.1 
3 . 7  

3.4 

M c 
.rl 

a, 
k 
z 

7 
3.5 

1.3 

pa ra l l ax ,  and shadow-measuring techniques. Photogrammetric reduc- 

t i o n  is  awai t ing  ope ra t iona l  checkout of the a n a l y t i c a l  p l o t t e r .  

A t t e m p t s  t o  ob ta in  photometric d a t a  i n  the Or i en ta l e  reg ion  have 

been discont inued,  pending r e c e i p t  of b e t t e r  photography, €or  t w o  

reasons: (1) heavy shadowing and 70-meter r e s o l u t i o n  preclude the 

use of photoclinometry i n  the  rougher terra where i t  i s  most need- 

ed ,  and ( 2 )  the  handl ing of densi tometer  d a t a  from second- and 

th i rd-genera t ion  photography remains i n  an  experimental  s t age ;  

h ighly  v a r i a b l e  r e s u l t s  are obtained wi th  the  present  computer 

program. 

An a n a l y t i c a l  method f o r  computing relative e l eva t ions  us ing  

a s te reoscopic  p a r a l l a x  d i f f e r e n c e  equat ion  i s  being developed by 

10 



IO 

Typical mare crater 
frequency curve 
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Figure 2.  - -Cra te r -s ize  frequency d i s t r i b u t i o n s  of Or i en ta l e  b a s i n  

t e r r a i n  u n i t s .  (Crater counts by R. E. Hoffman.) 
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F. Schafer  of the  U.S. Geological Survey. Prel iminary r e s u l t s  

show good c o r r e l a t i o n  wi th  5-meter r e s o l u t i o n  photography of A r i s -  

t a rchus  (where photogrammetric reduct ion  has a l s o  been success fu l ) ,  

bu t  the  a p p l i c a t i o n  to  the Or i en ta l e  reg ion  i s  c u r r e n t l y  l imi ted  

by (1) the  lower r e s o l u t i o n ,  (2) very low base- to-height  r a t i o  

(0.074 compared wi th  va lues  of 0.18 t o  0 . 3  from o the r  Orb i t e r  

photography), and (3 )  d i f f i c u l t y  i n  c a l c u l a t i n g  magnif icat ion 

values  t o  produce reasonable  e l eva t ion  d i f f e rences .  

The fou r th  technique, u t i l i z i n g  shadow measurements, g ives  

use fu l  approximations of r eg iona l  s lopes  and l o c a l  r e l i e f  based on 

a knowledge of the Sun's azimuth and ver t ical  angle.  

the r e s u l t s  of measurements and deduct ions compiled f o r  the  tra- 

verses shown i n  f i g u r e  3. These va lues  represent  s t r a i g h t - l i n e  

paths  nea r ly  perpendicular  t o  the concent r ic  s t r u c t u r e  of the 

bas in ,  and, as such, serve t o  cha rac t e r i ze  the reg iona l  t e r r a i n  

r a t h e r  than fol low the smoothest path.  The e f f e c t  of photographic 

exposure on the measurements i s  shown i n  f i g u r e  4 .  The histogram 

i l l u s t r a t e s  t h a t  accura te  d e f i n i t i o n  of the smooth and rough terra 

u n i t s  depends on proper exposure. These same u n i t s  are the most 

d i f f i c u l t  t o  treat photometr ical ly ,  b u t  both methods have the ad- 

vantage of not  r equ i r ing  s te reoscopic  coverage. 

Table 3 l i s t s  

Prel iminary estimates of t r a f f i c a b i l i t y  based on Lunar Orb i t e r  

I V  photography are very  t e n t a t i v e  because obs t ac l e s  of the s i z e  

(1-3 meters) which w i l l  a f f e c t  a veh ic l e  d i r e c t l y  are not  photog- 

r aph ica l ly  resolvable .  Nevertheless ,  gene ra l i za t ions  can be made 

concerning r eg iona l  t e r r a i n ,  and when q u a n t i t a t i v e  t r a f f i c a b i l i t y  

d a t a  f o r  areas of h igh- reso lu t ion  coverage elsewhere on the  Moon 

become a v a i l a b l e ,  these  can perhaps be ex t rapola ted  t o  the Or i en ta l e  

region. 

I f  i t  is assumed t h a t  reg iona l  s lopes  of less than 15" are 

negot iab le ,  then 60 and 70 percent ,  r e spec t ive ly ,  of the  two tra- 

verses i n  f i g u r e  3 and t a b l e  3 are t r a f f i c a b l e  a long a s t r a i g h t  

path. Two-meter r e s o l u t i o n  photography w i l l  permit much more ac- 

c u r a t e  estimates and can be expected t o  increase  t e r r a i n  roughness 

12 



Table 3. --Preliminary shadow measurements i n  the Or i en ta l e  bas in  

reg ion  

Traverse 1 Traverse 2 

Length (km) Percent  Length (km) Percent  

Smooth mare su r face ,  0"-2". . 31  3 149 20 

Rough terra, >15" . . . . . . 330 34 23 2 24 

Walls of f r e s h  craters, X . 5  

km diam., 30"-40" . . . . 46 5 34 3 

Inward-facing sca rps ,  X O " .  . 10 1 18 2 

Smooth terra, 0" -15'. . . . . - 
Tota l  9 62 100 975 100 

51 - 542 - 57 - 545 

Notes: 1. Location of traverses i s  shown i n  f i g u r e  3. 

2 .  Measurements made on 1:500,000 enlarged segments of 

Lunar O r b i t e r  I V  photographs H-168, 173,  181, 187,  

and 195 .  

3. S m a l l e s t  i n t e r v a l  of measurement, 0 .5  km. 

values  (McCauley, 1964a, p. 39) .  I f  obs t ac l e s  t o  vehicu lar  move- 

ment can be measured o r  determined s t a t i s t i c a l l y  and ex t rapola ted  

t o  t h e  scale of the  veh ic l e ,  then the minimum d i s t ance  between two 

po in t s  t h a t  must be t rave led  t o  avoid the  obs t ac l e s  can be e s t i -  

mated. I f  the obs t ac l e s  are equidimensional and uniformly d i s t r i -  

buted,  the  maximum length  of de tour  required can be ca l cu la t ed  

simply as ha l f  of the circumferences of the  cumulative obs tac les .  

Such c a l c u l a t i o n s  on the above traverses ind ica t e  t h a t  the length  

of a given vehicu lar  rou te  i n  the  Or i en ta l e  region,  no t  including 

the mare areas, w i l l  be one-third t o  one-half l a r g e r  than the  

s t r a i g h t - l i n e  d is tance .  Obstacles  t h a t  are approached a t  less 

than t h e i r  maximum diameter o r  are not  equidimensional,  uniformly 

d i s t r i b u t e d ,  o r  reso lvable  on a v a i l a b l e  photography w i l l  vary  these  

estimates considerably.  

Surveyor photographs suggest  t h a t  craters are l i k e l y  t o  be 

the  primary obs t ac l e s  t o  movement of veh ic l e s  i n  mare areas. 

13 



Figure  3.  - -Or ien ta le  b a s i n  region. (Uncontrolled mosaic of Lunar 

O r b i t e r  IV h igh- re so lu t ion  photography prepared by U. S. Geol. 

Survey Surveyor t e a m .  ) 
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3 ,  e a s t e r n  O r i e n t a l e  region. 
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Ext rapo la t ion  of the  c r a t e r - s i z e  frequency curves ( f ig .  2) f o r  mare 

areas t o  t h e  2 meter crater diameter  p e r m i t s  a "worst-case" ca lcu-  

l a t i o n  of the frequency d i s t r i b u t i o n  of a l l  craters l a r g e r  than 2 

meters. 

f ig .  9 ) ,  about 24 percent  of an  average s t r a i g h t - l i n e  traverse would 

c ros s  craters l a r g e  enough t o  obs t ruc t  the  movement of a vehicle .  

For t y p i c a l  mare areas i l l u s t r a t e d  by Trask and Rowan (1967, 

A formula f o r  c a l c u l a t i n g  the a d d i t i o n a l  travel d i s t a n c e  nec- 

e s sa ry  t o  circumvent c i r c u l a r  obs t ac l e s  having a known areal den- 

s i t y  has been der ived  by Brooks (1958, p. 7-8). 

modified as folows by W. Rozema of the  U.S.  Geological Survey, who 

used rev ised  p r o b a b i l i t y  func t ions  and rev ised  pa ths  around the  

crater r i m s :  

H i s  formula was  

L' = 0.169 ND where 

L' = average a d d i t i o n a l  d i s t a n c e  p e r  u n i t  l ength  (e.8. 1 km) 
of traverse required t o  de tour  around c r a t e r s  

D = diameter  of crater r i m  c r e s t s  

N = number of c r a t e r s  of diameter D p e r  u n i t  area (e.g. 1 km2) 
It is  more realist ic t o  consider  the  ou te r  diameter  of c r a t e r  r i m  

depos i t s  r a t h e r  than r im-cres t  diameter i n  c a l c u l a t i n g  the s ta t is t i -  

cal inc rease  in  t r a v e r s e  length. This va lue  i s  approximately 1.4 D 

f o r  most lunar  c r a t e r s  (Pike,  1967, p. 2102).  The increased e f f e c -  

t ive  diameter  r e v i s e s  Rozema's formula t o  nea r ly  double the r i m -  

crest de tour  or:  

L' ca lcu la t ed  f o r  Trask and Rowan's average mare f o r  a l l  f r e s h  c ra -  

ters l a r g e r  than 2 meters equals approximately 0.10 km p e r  1 km tra- 

ve r se  o r  a 10 percent  i nc rease  i n  traverse d i s t a n c e  requi red  to  de- 

t ou r  around crater r i m  deposi ts .  

2 L' = 0.331 ND 

The inc rease  i n  t r a v e r s e  d i s t a n c e  due to t e r r a i n  s lopes  can be 

s impl i f i ed  as p ropor t iona l  t o  the secan t  of t h e  angle  of s lope  above 

h o r i z o n t a l  ( ignor ing  s lope  curvature).  For 5", lo" ,  and 15" s lopes ,  

the  map d i s t a n c e  w i l l  be increased by 0.4 ,  1.5, and 3.5 percent ,  re- 
spectively, assuming t h a t  the  s lopes are t raversed  along a s t r a i g h t  

1 i n e  . 
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Although these  estimates are rough, they are the  b e s t  avail- 

a b l e  wi th  p re sen t  photography and can se rve  as a b a s i s  f o r  pre- 

l iminary eva lua t ion  of t he  f e a s i b i l i t y  of traverses designed f o r  

so lv ing  s p e c i f i c  s c i e n t i f i c  problems. 

dence can be a t t a i n e d  wi th  f u r t h e r  s tudy ,  p a r t i c u l a r l y  wi th  an  

a n a l y t i c a l  p l o t t e r .  

made without  higher  r e s o l u t i o n  photography. 

Higher degrees of conf i -  

However, accu ra t e  determinat ions cannot be 

LUNAR TOPOGRAPHIC DATA 

Information on lunar  topography is very u s e f u l  f o r  compila- 

t i o n  and i n t e r p r e t a t i o n  of geologica l  and geophysical d a t a  and, 

even more so, f o r  engineer ing  a n a l y s i s  of t e r r a i n ,  t r a f f i c a b i l i t y ,  

and p r o p e r t i e s  of su r f ace  materials. The accuracy and contour 

r e so lu t ion  required depend on the  a n t i c i p a t e d  use of the da ta .  

For veh icu la r  des ign  and p r e c i s e  determinat ion of traverse rou te s ,  

1-meter contour i n t e r v a l s  are probably adequate;  the r e s o l u t i o n  

should be th ree  t o  f i v e  times g r e a t e r  than the s i z e  of topographic 

f e a t u r e s  t h a t  are p o t e n t i a l  obs t ac l e s  t o  veh ic l e  movement (Hess, 

1967, p. 308). Such p rec i s ion  is una t t a inab le  wi th  a v a i l a b l e  

Orb i t e r  photography. Surveyor d a t a  i n d i c a t e  t h a t  small contour 

i n t e r v a l s  are probably unnecessary f o r  t r a f f i c a b i l i t y  a n a l y s i s  

i n  a t  least fou r  mare s i tes  and on one rough crater r i m .  

The two cu r ren t  sources  of lunar  topographic maps are the  

U.S. A i r  Force Aeronaut ical  Chart  and Information Center and the  

U.S. Army Map Service.  Shaded-rel ief  maps of Apollo landing si tes 

a t  scales of 1:100,000 and 1:25,000 were prepared from Lunar 

Orb i t e r  I and I1 medium-resolution stereophotography. 

topographic contours  a t  25-, 50-, o r  100-meter i n t e r v a l s  wi th  

relative accurac ies  of f25 meters. These maps do not  meet the 

accuracy s tandards usua l ly  required a t  these  scales (Hess, 1967, 

p. 312). A recen t  topographic map of a s m a l l  area i n  Mare Tran- 

q u i l l i t a t i s ,  prepared from Lunar O r b i t e r  I1 photography (U.S. A i r  

Force,  1968), appears t o  meet the  s tandards of 3-meter accuracy 

on a scale of 1:2,000 by combining photocl inometr ic  p r o f i l e s  wi th  

They show 
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sparse photogrammetric cont ro l .  The map t e x t  states t h a t  the  capa- 

b i l i t y  now exists "to produce l a rge  q u a n t i t i e s  of r e l i a b l e  topo- 

graphic  d a t a  from Orb i t e r  photographs" ( ib id .  , p. 30). 

Topographic p r o f i l e s  f o r  use i n  ind iv idua l  research  have been 

prepared by the  U.S. Geological Survey from over lappi ig  Orb i t e r  I- 
111 and V medium-resolution s i n g l e  f ramelets .  G. Nakata has drawn 

topographic contours across  f ramelet  boundaries on one experimental  

model of Ar is ta rchus  on 5-meter r e so lu t ion  photography. The e r r o r s  

introduced by the  mosaic format and the  non l inea r i ty  of t he  space- 

c r a f t  scanning process were minimal and were success fu l ly  cor rec ted  

i n  t h i s  instance.  Lunar Orb i t e r  photography w a s  no t  intended f o r  

conventional geodet ic  o r  photogrammetric reduct ion (Hess, 1967, 

p. 310). Future  photography should be designed t o  c o r r e c t  t h i s  

def ic iency ,  p a r t i c u l a r l y  f o r  explora t ion  si tes,  where topographic 

hazards w i l l  c r i t i c a l l y  a f f e c t  the e f f i c i e n c y  of planned traverse 

routes  and su r face  a c t i v i t i e s .  

An experimental  photogrammetric model of the  Or i en ta l e  region 

was prepared by J. Alderman and G. Nakata (U.S. Geol. Survey) using 

s te reoscopic  f ramele ts  from two medium-resolution Orb i t e r  IV pho- 

tographs. The spacec ra f t  a l t i t u d e  w a s  2,720 km, and the  model 

scale was 1:3,250,000. The small base-to-height r a t i o  (approxi- 

mately 0.08) required modif icat ion of t he  s t e r e o p l o t t e r .  The bes t  

vertical r e so lu t ion  obta inable  even then w a s  f6 .5  km. 

The a n a l y t i c a l  p a r a l l a x  method being developed by F. Schafer  

(p. 10 ) has been used t o  produce topographic p r o f i l e s  i n  the  

Or i en ta l e  region;  however, l i k e  the p r o f i l e s  produced by the  photo- 

grammetric model, they r e f l e c t  unreasonable e l eva t ion  d i f f e rences  

(two t o  th ree  times the  values  obtained by shadow measurements). 

These e r r o r s  r e s u l t  from one o r  more of the  following: 

of Lunar Orbi te r  IV photography, extremely low base- to-height  

r a t i o ,  inaccuracy of marking common images on s t e r e o  p a i r s ,  and 

inaccuracy of ca l cu la t ed  magnif icat ion ( sca l e )  f a c t o r s ,  which may 

r e f l e c t  poss ib l e  e r r o r s  inherent  i n  the  mission readout data .  

r e s o l u t i o n  
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The AP/C a n a l y t i c a l  p l o t t e r  w i l l  enable  g r e a t e r  v e r s a t i l i t y  

i n  handling unconventional photography. This  instrument i s  cur-  

r e n t l y  i n  a s t a t u s  of ope ra t iona l  checkout and should be ready f o r  

lunar  topographic i n v e s t i g a t i o n  at about the  d a t e  of t h i s  repor t .  

Although i t  may no t  completely so lve  the  problems of mosaic d i s -  

c o n t i n u i t i e s  and nonl inear  scanning rates, i t  should be a s i g n i f i -  

can t  improvement over p re sen t ly  a v a i l a b l e  s t e r e o p l o t t e r s .  

The techniques of photoclinometry were o r i g i n a l l y  developed 

f o r  ob ta in ing  lunar  topographic d a t a  from Earth-based monoscopic 

photographs. The method uses  photometry t o  de r ive  s lope  informa- 

t i o n  from the  br ightness  v a r i a t i o n  on lunar  images (Rowan and 

McCauley, 1966, p. 90). It must be appl ied  t o  uniform albedo 

u n i t s ,  i s  r e s t r i c t e d  t o  measurements w i th in  the  Sun's phase p lane ,  

and i s  gene ra l ly  more app l i cab le  t o  smooth t e r r a i n .  It has been 

performed by t h e  U.S. Geological Survey on Lunar Orb i t e r  photog- 

raphy along ind iv idua l  f ramele ts  us ing  mul t ip l e  ad jacent  scans 

on high- o r  medium-resolution photographs. The l a r g e s t  s i n g l e  

d i f f i c u l t y  wi th  the  method has been the  d a t a  reduct ion  and cor- 

r e l a t i o n  by computer. 

An a l t e r n a t i v e  approach t o  photometric d a t a  i s  d i r e c t  use  of 

the  GRE tape readouts ,  e l imina t ing  the  degrading e f f e c t s  of later 

genera t ion  photographic copies .  A disadvantage t o  t h i s  is t h a t  

d i f f e r e n t  albedo u n i t s  cannot be d iscr imina ted ;  thus,  the  technique 

i s  probably unsu i t ab le  i n  areas o ther  than simple mare si tes having 

uniform geologic  c h a r a c t e r i s t i c s .  

The U.S. Geological Survey T r a f f i c a b i l i t y  P r o j e c t  (R. Pike 

and W. Rozema) i s  engaged i n  inves t iga t ing  the  use of the  power 

s p e c t r a l  d e n s i t y  func t ion  and t h e  amplitude p r o b a b i l i t y  d i s t r i -  

bu t ion  func t ion  i n  determining the  roughness c h a r a c t e r i s t i c s  of 

mare areas. Topographic maps of Surveyor si tes and p r o f i l e s  of 

a variety of terrestrial areas are providing the  i n i t i a l  data .  

Reduction of photocl inometr ic  p r o f i l e s  from one Ranger and one 

O r b i t e r  s i t e  has a l s o  been attempted. 

des ign  and t r a f f i c a b i l i t y  f o r  traverse research  is c u r r e n t l y  being 

The appl- icat ion t o  veh ic l e  
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explored. 

a t i o n  i n  terms of the  relative e f f e c t  of varying wavelengths o r  

f requencies  of roughness on t h e  o v e r a l l  roughness of a given pro- 

f i l e .  

The technique appears very  promising f o r  t e r r a i n  evalu- 

It also al lows easy comparison of d i f f e r e n t  areas on a 

spectrum of roughness scales. ' The major requirement c u r r e n t l y  i s  

f o r  more abundant and accu ra t e  topographic d a t a  on lunar  t e r r a i n .  

The shadow measurement technique is  p resen t ly  the  s imples t  

way of ob ta in ing  topographic data .  Measurements i n  rough t e r r a i n  

g ive  a n  approximation of r eg iona l  s lopes  and l o c a l  r e l i e f  i f  t he  

scale of t he  photography and the Sun's azimuth and ver t ical  angle  

are known. The reg iona l  s lope  of an  area i n  dark  shadow, whose 

width i s  measured p a r a l l e l  t o  the phase plane of t h e  Sun, i s  

g r e a t e r  than the  vertical  angle  of t h e  Sun. 

by the  shadow are no t  measurable. I f  the  topographic f e a t u r e s  

are roughly equidimensional,  the  percentage of a traverse i n  shad- 

ow along the  phase plane is  assumed t o  be ha l f  of t h e  t o t a l  d i s -  

tance having s lopes  g r e a t e r  than the  Sun's vertical  angle.  This 

angle  f o r  t he  traverses shown i n  f i g u r e  3 i s  13" t o  15" ; thus the  

t e r r a i n  along these  routes  can be d iv ided  i n t o  s lopes  t h a t  exceed, 

o r  are less than,  approximately 15". Fresh crater w a l l s  have 

average s lopes  of 30"-40"; these  and prominent scarps  are t r e a t e d  

ind iv idua l ly .  F l a t - l y i n g  mare areas genera l ly  have r eg iona l  s lopes  

of less than 2". 

I r r e g u l a r i t i e s  hidden 

OBJECTIVES AND EVALUATION OF 

TRAVERSE CONCEPTS 

Generalized sample explora t ion  plans f o r  s p e c i f i c  lunar  sites 

evolved from the  NASA 1967 Summer Conference a t  Santa  Cruz, C a l i f .  

(Hess, 1967). More d e t a i l e d  plans r e s u l t e d  from the  s t u d i e s  of 

nine mission sites s e l e c t e d  by the  Group f o r  Lunar Explorat ion 

Planning, inc luding  the  Marius H i l l s  reg ion  (Karlstrom, McCauley, 

and Swann, 1968), and from a resume of t he  sites (El-Baz, 1968). 

These s t u d i e s  were based on a maximum ope ra t ing  r ad ius  of 5 km 

us ing  a lunar  roving v e h i c l e  (LRV) and two lunar  f l y i n g  u n i t s  
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(LFU) on a mission of 3 days '  durat ion.  E l  Baz concluded t h a t  the  

LFU is  gene ra l ly  p re fe rab le  t o  t h e  LRV. However, whereas the  LEV 

concept is b e t t e r  s u i t e d  f o r  r ap id  access t o  important l o c a l  areas 

of high relief t h a t  are inaccess ib l e  t o  a su r face  v e h i c l e ,  t he  

roving v e h i c l e  concept provides the  continuous ground coverage 

necessary f o r  comprehensive s c i e n t i f i c  i nves t iga t ions  (Karlstrom, 

McCauley, ahd Swann, 1968). The LRV has the  a d d i t i o n a l  important 

advantages of permi t t ing  changes i n  rou te  and ope ra t iona l  technique 

as a traverse progresses  and of car ry ing  a l a r g e r  payload. Resul t s  

of t he  Marius H i l l s  mission planning exercise s t r o n g l y  suggest  t h a t  

d e t a i l e d  planning f o r  exp lo ra t ion  i n  most of t he  o the r  s e l e c t e d  

lunar  sites w i l l  i n d i c a t e  a similar s c i e n t i f i c  and ope ra t iona l  

requirement f o r  both LRV and LFU. 

v e h i c l e  (manned o r  unmanned) a l s o  has the  advantage of providing 

E l  Baz noted t h a t  a roving 

a mission wi th  more s tops  along i t s  r o u t e ,  t he  c a p a b i l i t y  f o r  ex- 

tens ive  geophysical traverses, and the  p o t e n t i a l ,  i n  automated 

mode, f o r  eva lua t ing  a s i te  p r i o r  t o  manned landing, thus reduc- 

ing the  need f o r  high r e s o l u t i o n  photography i n  some s c i e n t i f i c a l l y  

i n t e r e s t i n g  sites. Most of the  working groups a t  the  Santa  Cruz 

meetings (Hess, 1967, p. 10) concluded t h a t  f o r  t he  post-Apollo lu- 

na r  missions,  a dual-mode veh ic l e  (automated/manned) with the proba- 

b l e  a d d i t i o n  of one o r  two LFU'S during manned opera t ion  i s  the  

optimum mobi l i ty  system. 

A wide v a r i e t y  of mission types and mobi l i ty  concepts have 

been s tudied  t o  determine how w e l l  each can achieve s p e c i f i c  

s c i e n t i f i c  ob jec t ives  i n  the  Or i en ta l e  bas in  region. These ob- 

j e c t i v e s  are as follows: 

1. Comprehensive geologic  a n a l y s i s  of t he  lunar  c r u s t  on the  w e s t  

limb of t he  Moon and eva lua t ion  of the o r i g i n  of mul t i - r ing  

lunar  bas ins  based on t h e  following: 

a. Analysis of su r f ace  materials which make up major photo- 

geologic  u n i t s .  Do they r e f l e c t  impact, vo lcan ic ,  i n t ru -  

sive, o r  t ec ton ic  o r i g i n s  of the  ind iv idua l  u n i t s  , o r  

are they some combination of these  f ac to r s?  
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b. Determination of the  s t r a t i g r a p h i c  s e c t i o n ;  r e l a t i o n s h i p s  

of t he  major u n i t s  v i s i b l e  on Lunar Orb i t e r  photography 

and c o r r e l a t i o n  with more d e t a i l e d  observa t ions  from t h e  

exposed sequences i n  the high sca rps  of the C o r d i l l e r a  

and Rook Mountains. Rocks from deep i n  the  lunar  c r u s t  

may be  p resen t  i n  these sca rps ,  i n  t h e  c e n t r a l  peaks of 

crater A ( f ig s .  5 and 12) , and i n  t h e  r i m  depos i t s  of 

the  m a r - l i k e  crater B ( f i g s .  5 and ll), b u t  are probably 

no t  completely exposed i n  any s i n g l e  area. 

c. Examination of pronounced r a d i a l  and concent r ic  f r a c -  

t u r e  sys  tems t o  permit a n a l y s i s  of l o c a l  s t r u c t u r a l  

events  and t h e i r  r e f l e c t i o n  of the  r eg iona l  stress- 

s t r a i n  r e l a t i o n s h i p s  i n  t h e  upper c r u s t .  

Age da t ing  of re turned  samples whose s t r a t i g r a p h i c  pos i t i ons  

are accura t e ly  determined. 

Long geophysical traverses incorpora t ing  seismic,  magnetic, 

g r a v i t a t i o n a l ,  and heat-flow d a t a  i n t o  the geologic  framework 

as an extended traverse proceeds. 

these d a t a  w i l l  g r e a t l y  f a c i l i t a t e  i n t e r p r e t a t i o n  of the  Orien- 

tale bas in ' s  subsurface c h a r a c t e r i s t i c s .  

Local i nves t iga t ions  of i n t e r e s t i n g  f e a t u r e s  such as the  low 

domes i n  Mare Veris ( s i t e  1 i n  f i g .  5 and f i g .  18), the  dark- 

ha lo  crater and the  braided secondary crater f e a t u r e s  r a d i a l  

t o  crater A ( s i t e  2 i n  f i g .  5),  an  i r r e g u l a r  forked r i l l e  

(s i te  3 i n  f ig .  5 ) ,  and the mare r idge  and f r e s h  crater i n  the  

western p a r t  of the  c e n t r a l  mare bas in  ( s i te  4 i n  f ig .  5). 

The proper combination of 

In  a d d i t i o n  t o  achieving the ob jec t ives  descr ibed immediately 

above (4), s h o r t  l o c a l  missions could p r o f i t a b l y  be assigned t o  

each of the  major photogeologic u n i t s  i l l u s t r a t e d  i n  f i g u r e  6. 

5-km rad ius  mobi l i ty  l i m i t a t i o n  would restrict  these  missions t o  

s l i g h t l y  less than the  width of one of t h e  photograph framelets. 

Five o r  s i x  such missions would probably permit observa t ion  and sam- 

p l i n g  of each of the  photogeologic un i t s .  

A 

Samples obtained on such 
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missions could no t  be expected t o  r ep resen t  t he  v a r i e t y  of l i t h o l -  

og ies  l i k e l y  t o  e x i s t  i n  any s i n g l e  r eg iona l  un i t .  This approach 

t o  so lv ing  the  major ques t ions  about the  Or i en ta l e  reg ion  has t h e  

obvious disadvantage of r equ i r ing  e x t r a p o l a t i o n  of i n t e r p r e t a t i o n s  

over l a r g e  areas between sites. 

Long-distance open-ended t r a v e r s e s  conceptual ly  overcome many 

of t he  s c i e n t i f i c  handicaps of l o c a l  closed-loop type missions. 

However, traverses as long as those shown i n  f i g u r e  3 (1,000 km 

s t r a i g h t  l i n e ) ,  a p a r t  from the  high c o s t  of new systems develop- 

ment, r e q u i r e  c ros s ing  of very  rough-appearing t e r r a i n  such as 

the  ou te r  r i m  of the  Or i en ta l e  basin.  It does not  seem p r a c t i c a l  

t o  a t tempt  t h i s  kind of c ros s ing  very  e a r l y  i n  the  extended mobil- 

i t y  program. The same d i s t a n c e  c a p a b i l i t y  could be u t i l i z e d  t o  

cover a g r e a t e r  v a r i e t y  of areas c r i t i ca l  t o  the  i n t e r p r e t a t i o n  

of t he  e n t i r e  bas in ,  wi th  the  important proviso t h a t  a continuum 

of information be developed between the  c r i t i c a l  sites. I n  ter- 

restrial  geologic  f ie ldwork,  a common r e s u l t  of hopscotching be- 

tween d i s t a n t  outcrops is  t h a t  backtracking t o  in te rvening  areas 

is  required t o  f i l l  i n  v i t a l  gaps i n  the  information. 

Figure 5 i l l u s t r a t e s  a compromise traverse of in te rmedia te  

length  (415 km i n  the  manned mode) designed t o  f u l f i l l  a l l  t h e  

ob jec t ives  l i s t e d  above except  f o r  su r face  coverage of t he  ou te r  

r i n g  and r i m  areas of t he  basin.  

i ca l  t o  the  o v e r a l l  p i c t u r e ,  as seems l i k e l y  on the  b a s i s  of p re -  

s e n t  i n t e r p r e t a t i o n s ,  a subsequent traverse based i n  Mare Autumni 

would be a l o g i c a l  recommendation. The roughest t e r r a i n  t h a t  re- 

q u i r e s  s u r f a c e  t r ave r s ing  i n  f i g u r e  5 is  i n  the  "smooth terra" 

category (<15" s lopes  a t  0.5 km reso lu t ion) .  

I f  such information becomes c r i t -  

Traverses of t h i s  range would be most product ive i f  they were 

open ended and conducted i n  a se l f -conta ined  mobile labora tory  by 

th ree  o r  more as t ronauts .  

w a l l s ,  and f l o o r s  of craters A and B ( f i g .  5 ) ,  as w e l l  as the  

scarps  of the  Rook Mountains, and f o r  i nves t iga t ing  the  accessi- 

b i l i t y  and geology of the  concent r ic  and r a d i a l  r i l les between 

LFU'S would be needed t o  v i s i t  the  r i m s ,  
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Mare Veris and crater B. Open veh ic l e s  wi th  one- o r  two-man crews 

would be a tenuous proposal  f o r  a mission of t h i s  scope; wi th  any 

f u r t h e r  reduct ion  i n  scope, however, t he  mission would soon approach 

a s u p e r f i c i a l  i n v e s t i g a t i o n  of i nd iv idua l  f e a t u r e s  t h a t  could 

hard ly  so lve  t h e  major problems of t h i s  region. 

mode, e i t h e r  veh ic l e  could very  p r o f i t a b l y  precede o r  fo l low t h e  

manned mission t o  ob ta in  more ex tens ive  v i s u a l  and poss ib ly  geo- 

phys ica l  coverage of t he  smooth t e r r a i n  i n  Mare Veris o r  the  cen- 

tral mare basin.  

I n  the  automated 

I f  a l l  a t tempts  t o  s tudy the  Or i en ta l e  bas in  by su r face  ex- 

p l o r a t i o n  i n  the near f u t u r e  were judged as too ambit ious,  a n  a l -  

te rna  t ive traverse d i rec ted toward the  under s tand ing of mu l t i - r i n g  

lunar  bas ins  could be designed across  the  concent r ic  s t r u c t u r e  

(375 km diameter) enclosing the  crater Grimaldi no r theas t  of 

Or i en ta l e  ( f i g .  3) .  The t e r r a i n  of t h i s  area has not  been ana- 

lyzed i n  d e t a i l ;  however, t he  dark  mare has a very  low crater 

dens i ty  and thus may be the  youngest mare i n  the  region. 

the Grimaldi s t r u c t u r e  i s  more degraded and appears o l d e r  than 

Or ien ta l e ,  i t s  o u t e r  r i n g  and two concent r ic  scarps  may provide 

answers t o  some of the  same problems posed by the  l a r g e r  basin.  

The t e r r a i n  appears passable  i n  most areas and i s  amenable t o  

the  same mobi l i ty  concepts discussed above. 

Although 

Craters with concent r ic  r i n g  s t r u c t u r e s  such as these  on the 

w e s t  limb of t he  Moon d i f f e r  from craters of similar s i z e  else- 

where, which gene ra l ly  lack  mul t ip l e  r i m s .  This type of evidence 

suggests  t h a t  such concent r ic  s t r u c t u r e s  may r e f l e c t  c r u s t a l  o r  

subc rus t a l  d i s c o n t i n u i t i e s  which may be lacking  i n  o the r  areas 

and is a d d i t i o n a l  j u s t i f i c a t i o n  f o r  s tudy  of such la rge-sca le  

f e a t u r e s  elsewhere on the  Moon. I n  the  last s e c t i o n  of t h i s  re- 

p o r t ,  cu r ren t  geologic  i n t e r p r e t a t i o n s  and areas requ i r ing  su r face  

inves t iga t ion  t o  r e so lve  s c i e n t i f i c  problems are discussed i n  

de ta  i 1. 
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RECOMMENDATIONS FOR CONTINUED 

TRAVERSE RESWRCH 

It i s  the  au tho r ' s  b e l i e f  t h a t  t h e  scope of p l ane ta ry  ex- 
p l o r a t i o n  will be extended beyond t h e  p re sen t  l imi ted  goals  of the 

lunar  program. Orderly and t imely planning f o r  such e f f o r t s  is 
e s s e n t i a l .  I n  the  f i e l d  of traverse re sea rch ,  the  lead-times re- 

quired t o  analyze the  s c i e n t i f i c  and engineer ing  b a s i s  f o r  long- 

range veh icu la r  exp lo ra t ion  are measured i n  yea r s ,  even wi th  the  

b e n e f i t  of s t u d i e s  t h a t  commenced several years  ago. 

Among the  10 fundamental s c i e n t i f i c  d i s c i p l i n e s  l i s t e d  by 

the  Summer Conference on Lunar Explorat ion and Science a t  Falmouth. 

( N a t l .  Aeronautics and Space Adm. , 1965; Lockheed Missiles and 

Space Co., 1967), four  are included wi th in  the  geosciences. These 

are geodesy/cartography, geology, geochemistry, and geophysics. 

Success i n  i n t e r p r e t i n g  the  Moon's o r i g i n  and h i s t o r y ,  as w e l l  as 

the  E a r t h ' s ,  w i l l  r equ i r e  the  i n t e g r a t i o n  of a l l  these  d i s c i p l i n e s  

which must be incorporated i n t o  a un i f i ed  program of inves t iga t ion .  

A veh icu la r  traverse p r o f i l e  f o r  geologic  exp lo ra t ion  should in- 

clude the  fol lowing b a s i c  act ivi t ies :  

1. 

2.  

3. 

4 ,  
5. 

6. 

7. 

8. 

9. 

Visual  and photographic observa t ion  of the  lunar  su r face  

Sampling of lunar  su r face  and subsurface materials 

Textura l ,  minera logica l ,  and chemical ana lyses  of lunar  

samp les 

Active seismic r e f r a c t i o n / r e f l e c t i o n  measurements 

Measurement of remanent and t o t a l  f i e l d  magnetism 

Gravi ty  measurements 

Heat flow measurements 

D i s t r i b u t i o n  of remote geophysical monitoring s t a t i o n s  

Measurement of b a s i c  engineer ing p rope r t i e s  of su r f ace  materials 

10. Determination of v e h i c l e  p o s i t i o n  con t inua l ly  a long  traverse 

i n  both geographic and e l e v a t i o n  coordinates .  
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Cartographic  base maps and topographic p r o f i l e s  are the  p r i -  

mary formats f o r  t he  compilat ion and comparison of t h e  geologic  

and geophysical  d a t a  t h a t  w i l l  be gathered. Ground c o n t r o l  f o r  

these  maps w i l l  be  obtained by geodet ic  techniques dur ing  the  

m i s s  ions. 

must be a v a i l a b l e  f o r  mission planning from a n  engineer ing a spec t  

as w e l l  as f o r  a t t a i n i n g  maximum s c i e n t i f i c  r e s u l t s .  

However, accura te  photographic and topographic maps 

Se lec ted  p a r t s  of the  Or i en ta l e  bas in  should be rephotographed 

with optimum Sun angle  and exposure va lues  f o r  photogrammetric 

reduct ion  so t h a t  h igh-qual i ty  base maps can be prepared. These 

photographs and maps should provide the  engineer ing d a t a  necessary 

f o r  q u a n t i t a t i v e  a n a l y s i s  of t he  t e r r a i n  and i t s  p o t e n t i a l  t raff ic-  

a b i l i t y .  A r e s o l u t i o n  of 1 o r  2 meters is required t o  produce d a t a  

meaningful a t  the scale of a veh icu la r  traverse. For example, i n  

determinat ions of t he  power s p e c t r a l  d e n s i t y  func t ion  of t e r r a i n  

u n i t s ,  a n a l y s i s  of t e r r a i n  f requencies  wi th  2-meter wavelengths 

r equ i r e s  1-meter reso lu t ion .  

The fol lowing a l t e r n a t i v e  recommendations f o r  new O r b i t e r  

photography of t he  Or i en ta l e  reg ion  are based on d iscuss ions  wi th  

s e v e r a l  U . S .  Geological Survey geo log i s t s  and photogrammetrists 

who have been concerned wi th  lunar  photography s i n c e  the  beginning 

of modern lunar  i nves t iga t ions :  

1. 

2. 

A metric camera of convent ional  6-inch f o c a l  length  should be 

adapted t o  f u t u r e  o r b i t a l  f l i g h t s ,  manned o r  unmanned, and 

f i l m  r e t u r n  should be made a primary requirement of the  mission 

i n  accordance wi th  the  r e p o r t  of the  Geodesy/Cartography work- 

ing group (Hess, 1967, p. 302). Twelve-  and 24-inch systems 

a l s o  have d e s i r a b l e  c h a r a c t e r i s t i c s .  The 24-inch f ixed- lens  

camera has s impler  da ta - reduct ion  requirements than the  pan- 

oramic sys  tem. 

An electro-mechanical  scanning system similar i n  p r i n c i p l e  t o  

t h a t  developed f o r  Ranger by Ph i l co ' s  Aeronutronics Div is ion  

should be adapted f o r  use on Lunar O r b i t e r  missions as soon as 

poss ib le .  Although t h i s  system has not  been f l i g h t  t e s t e d ,  i t  
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can provide imagery in  any o r  several p a r t s  of the  u l t r a v i o l e t  

through near - inf ra red  spectrum, 

o l u t i o n  q u a l i t i e s  than metric cameras, and, i n  c o n t r a s t  t o  f i l m  

cameras, the  number of p i c t u r e s  i t  can produce is n e a r l y  unlim- 

i ted .  J .D.  Alderman of the  U.S. Geological  Survey is p resen t ly  

i n v e s t i g a t i n g  t h i s  f acs imi l e  system and i t s  app l i ca t ions .  

Theore t i ca l ly  i t  has  b e t t e r  res- 

3. I f  n e i t h e r  of t h e  above recommendations is f e a s i b l e  a t  t h i s  

t i m e ,  another  Lunar O r b i t e r  should be flown wi th  the  same 

camera system used on earlier missions,  bu t  wi th  the  primary 

ob jec t ive  of g e t t i n g  se l ec t ed  photographic coverage of the  

Or i en ta l e  b a s i n  reg ion  a t  2-meter reso lu t ion .  

I n  the  event  t h a t  improved Or ien ta l e  photography is not  fea- 

s i b l e  i n  the  foreseeable  f u t u r e ,  t he  U . S .  A i r  Force Aeronaut ical  

Chart  and Information Center ' s  techniques f o r  producing topographic 

maps from a v a i l a b l e  Lunar Orb i t e r  I1 photography (U.S. A i r  Force,  

1968) should be followed up by f u r t h e r  research  i n  photometric- 

photogrammetric reduct ion  of  Lunar O r b i t e r  I V  photography, p a r t i c -  

u l a r l y  i n  the  Or i en ta l e  region. 

For the  next  f i s c a l  yea r ,  t he  fol lowing ac t iv i t ies  are pro- 

posed f o r  t he  Advanced Systems P ro jec t ;  

1. Continue a comparative s tudy of s p e c i f i c  traverse rou te s  in-  

c luding  appropr i a t e  s c i e n t i f i c  experiments f o r  missions 200 

t o  2,000 km i n  length ,  designed t o  cons t ruc t  a complete geo- 

log ic  c r o s s  s e c t i o n  of t h e  e a s t e r n  h a l f  of t he  O r i e n t a l e  region 

and a l t e r n a t e l y  the  Grimaldi s t r u c t u r e  i n  order  t o  i n t e r p r e t  

t he  s t r a t i g r a p h y  and s t r u c t u r e  of a l a r g e  mul t i - r ing  lunar  

bas in  and t o  apply such knowledge i n  recommending traverses 

for o l d e r  buried bas ins  such as Mare Imbrium. 

2. Develop a p p l i c a t i o n  of the  a n a l y t i c a l  p l o t t e r  t o  nonconvention- 

a1 photography. Continue us ing  photogrammetric techniques t o  

o b t a i n  the  topographic d a t a  needed f o r  geologic  eva lua t ion  of 

s p e c i f i c  traverse rou te s  i n  the  Or i en ta l e  basin.  Resul t s  of 

t he  T r a f f i c a b i l i t y  P r o j e c t  w i l l  be  incorporated as they become 

avai l a b  le. 
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3. Relate engineer ing p rope r t i e s  of lunar  s o i l s  t o  mobi l i ty  char-  

acteristics of proposed lunar  vehic les .  The s tudy w i l l  combine 

r e s u l t s  from Surveyor and Lunar O r b i t e r  i nves t iga t ions  wi th  

measurements i n  analogous t e r r a i n s  on Earth.  Prel iminary in- 

v e s t i g a t i o n s  have commenced i n  the  Cinder Lake crater f i e l d  

near  F l a g s t a f f ,  Arizona, with the  a s s i s t a n c e  of T. L. Youd, 

a U.S. Geological Survey s o i l s  engineer.  The i n i t i a l  e f f o r t  

w i l l  a t tempt  t o  de f ine  what b a s i c  s o i l s  p r o p e r t i e s  may be 

r e f l e c t e d  i n  the  measurable upper s lopes  of small craters. 

I n  e f f e c t ,  t he  f r e s h  crater morphology, p r e c i s e l y  known, may 

permit p red ic t ions  regarding t r a f f  i c a b i l i t y  t h a t  are a l s o  re- 

l a t ed  t o  geologica l  i n t e r p r e t a t i o n s  of t he  su r face  and near- 

su r f ace  materials. 

The Advanced Systems Traverse Research P r o j e c t ,  toge ther  wi th  

r e l a t e d  inves t iga t ions  ( l u n a r  geologic  mapping, t e r r a i n  a n a l y s i s ,  

t r a f f  i c a b i l i t y ,  and mission planning) w i l l  d e f i n e  s p e c i f i c  problems 

i n  applying pho to - in t e rp re t a t ion  and t e r r a i n  s t u d i e s  ( u t i l i z i n g  

techniques of photogrammetry, a n a l y t i c a l  p a r a l l a x ,  and shadow 
measurements) t o  geology and t o  t r a f f i c a b i l i t y .  The program may 

be augmented by s u i t a b l e  terrestrial experiments. These exper i -  

ments can  be incorporated i n t o  the  Advanced Systems Traverse 

Research P r o j e c t  by use of (1) h igh-a l t i t ude  photography and o the r  

remote-sensing d a t a ,  i f  they can be obtained,  with and without  

a v a i l a b l e  topographic base maps, and (2)  the  U.S. Geological 

Survey's Mobile Geological Laboratory o r  poss ib ly  one of the  

Mobil i ty  T e s t  Article veh ic l e s  from Marshal l  Space F l i g h t  Center. 

The e a s t e r n  and nor thern  p a r t s  of the  San Francisco volcanic  f i e l d  

i n  Arizona provide good analogs of lunar  topographic f e a t u r e s  and 

would be appropr ia te  f o r  t h i s  type of experiment. Remote-sensing 

d a t a  are a l r eady  a v a i l a b l e  o r  are scheduled t o  be obtained f o r  

most of t h a t  area, and geologic  c o n t r o l  i s  w e l l  e s t ab l i shed  i n  

several places .  
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PROBLEMS FOR GEOLOGIC IWESTIGATIONS OF THE 

ORIENTALE RFlGION OF THE MOON 

By R. S. Saunders 

In t roduc t ion  

When Lunar Orb i t e r  I V  t ransmi t ted  photographs of the  Moon's 

southwest limb t o  t h e  Jet Propuls ion Laboratory i n  Pasadena, C a l i f . ,  

one of the  most spec tacu la r  f e a t u r e s  photographed during the  Un- 

manned Explorat ion Program w a s  revealed. Earlier photographs of 

t he  Or i en ta l e  bas in ,  taken from Ear th ,  were t a n t a l i z i n g l y  obscure. 

The new photographs show t h a t  i t  i s  a d i s t i n c t ,  symmetric b u l l ' s -  

eye some 500-900 km across .  

were t h i s  f e a t u r e  v i s i b l e  from Ear th ,  a whole mythology would 

have developed about a "great eye." 

po r tun i ty  t o  s tudy a l a rge  young mul t i - r ing  basin:  he re  is  a 

model f o r  a young Nectaris, Humorum, o r  Imbrium. Or i en ta l e  s t i l l  

bears  many of the birthmarks which have been o b l i t e r a t e d  o r  ob- 

scured i n  the  o lde r  basins .  By s tudying a youthfu l  counterpar t  

t o  t he  Appennine Mountains o r  the  Fra  Mauro Formation, much more 

can be learned about t he  o r i g i n  of l a rge  bas ins ,  and the  e f f e c t s  

of var ious  surface-shaping processes  can be seen i n  d e t a i l .  

The purpose of t h i s  s e c t i o n  is t o  review var ious  theo r i e s  of 

One s c i e n t i s t  was  moved t o  remark t h a t  

Geologis ts  now have the  op- 

the  o r i g i n  of the  Or i en ta l e  bas in  and t o  recommend areas where 

su r face  exp lo ra t ion  might so lve  l o c a l  and reg iona l  geologic  prob- 

lem. There are two hypotheses: (1) the  bas in  is endogenetic;  

i .e.,  it has been produced by volcanic  and t e c t o n i c  processes ,  

and (2)  t he  b a s i n  and r e l a t e d  f e a t u r e s  w e r e  produced i n  response 
t o  the  d i sequ i l ib r ium caused by impact of a body of a s t e r o i d a l  

dimensions. Although volcanism and tectonism may a l s o  be involved 

i n  the  second hypothesis ,  t he  i n i t i a t i n g  fo rce  is ex te rna l .  

Physiography 

Mare Or ien ta l e  i s  a l a rge  young mul t i - r ing  bas in  on the  ex- 

treme southwest limb of t he  Moon. About one-half of the  bas in  is 

v i s i b l e  from Ear th ,  and only a t  t i m e s  of maximum l i b r a t i o n .  The 
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name Or ien ta l e  was f i r s t  used by Franz (1913). Wilkins,  however, 

made the  f i r s t  d e t a i l e d  drawings of t he  f e a t u r e  (Wilkins and Moore, 

1961). 

For t h i s  d i scuss ion ,  t he  Or i en ta l e  bas in  has been d iv ided  i n t o  

four  physiographic divis ions: .  

the  inner  r i n g  between the  c e n t r a l  mare and the  Rook Mountains; 

(1) and ( 2 )  toge ther  form the  c e n t r a l  bas in ;  (3) t he  o u t e r  r i n g  

between the  Rook Mountains and the  Cord i l l e r a  Mountains, and ( 4 )  
the  ou te r  r i m  ( f i g s .  1, 6). McCauley (1967a) has i d e n t i f i e d  f ive 

r ings  surrounding the  dark  mare of the  c e n t r a l  basin.  The inner  

two, 360 km and 480 km i n  diameter ,  are r ings  of blocks between 

the  c e n t r a l  mare and the  Rook Mountains. The Rook Mountains com- 

p r i s e  the  t h i r d ,  and the  C o r d i l l e r a  scarp  the  fourth.  The f i f t h  

r i n g  is i n d i s t i n c t  and c o n s i s t s  of e leva ted  pre-Orientale  crater 
walls. 

( 1) the c e n t r a l  mare bas in  and ( 2 )  

The most s t r i k i n g  of the  annular  f e a t u r e s  are two nea r ly  con- 

t inuous inward-facing scarps .  The outermost scarp  marks the  f r o n t  

of the  Cord i l l e r a  Mountains. These have a l o c a l  r e l i e f  of about 

3,000 meters. 

It  encloses  the  Rook Mountains, which make up a second s l i g h t l y  

less continuous concent r ic  scarp.  These mountains form a r i n g  

700 km i n  diameter wi th  l o c a l  r e l i e f  matching t h a t  of t he  Cordi l le ra .  

The Cord i l l e r a  r i n g  has a diameter of about 930 km. 

Al so  con t r ibu t ing  t o  the s t r i k i n g  a n n u l a r i t y  of the bas in  are 

a number of d i s t i n c t i v e  u n i t s  t h a t  l i e  i n  and around the  bas in  

(refer t o  f i g .  6). Dark mare occupies a subc i r cu la r  c e n t r a l  bas in  

325 km i n  diameter. 

mare and the  Rook Mountains are four  t e r r a i n  types ,  d i s t r i b u t e d  

i n  a crude c i r cumfe ren t i a l  pa t t e rn .  The f i r s t  c o n s i s t s  of p l a i n s  

of higher  albedo than the  mare and e leva ted  a few meters above it. 

The boundary between the  two is marked by a low i r r e g u l a r  scarp.  

These p l a i n s  are not  present  i n  the  nor thern  and e a s t e r n  p a r t s  of 

the  basin.  The second t e r r a i n  type c o n s i s t s  of broad, r o l l i n g  

h i l l s  t y p i c a l l y  about 10 km ac ross  and gene ra l ly  longer  i n  the  

i n  the d i r e c t i o n  r a d i a l  to  the basin.  The u n i t  is b e s t  developed 

Within the  inner  r i n g  between the c e n t r a l  
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C r a t e r  m a t e r i a l s ,  undivided 

Mare m a t e r i a l  

Dark p l a i n s  m a t e r i a l ,  which f i l l s  l o c a l  dep res s ions  i n  
c e n t e r  of bas in ,  i n  Mare Veris  a t  the  base of t he  Rook 
s c a r p ,  i n  Mare Autumni a t  the  base of t h e  C o r d i l l e r a  
s c a r p ,  i n  Mare Aestatis, and i n  the c e n t r a l  p a r t s  of 
Grimaldi,  Crcger ,  Sch l i i t e r ,  and R i c c i o l i .  

Cen t r a l  b a s i n  p l a i n s  m a t e r i a l  

Includes smooth l i g h t  p l a i n s  m a t e r i a l  and m a t e r i a l  of 
c l o s e l y  spaced r o l l i n g ,  h igh ly  f r ac tu red  h i l l s .  Appears 
t o  mantle p re -Or ien ta l e  t e r r a  ma te r i a l .  Is r e s t r i c t e d  
t o  Or i en ta l e  bas in  wi th in  Rook Mountain scarp.  Contains 
s e v e r a l  l a r g e  c o l l a p s e  depressions.  Su r face  t e x t u r e  is  
g r o s s l y  s imilar  t o  t h a t  on f l o o r s  of young c r a t e r s  such 
as Tycho and Ar i s t a rchus .  May c o n s i s t  of impact-melted 
materials o r  vo lcan ic  m a t e r i a l s  which f i l l e d  the  lowest 
p a r t  of t he  bas in  s h o r t l y  a f t e r  i ts  formation. 

0 - 0  

Montes Rook Formation 

Forms small c l o s e l y  spaced smooth h i l l s .  Weakly 
t o  moderately l i n e a t e d  bu t  not  coa r se ly  braided 
l i k e  the  C o r d i l l e r a  Formation. Contains l o c a l  
patches of moderately smooth t e r r a i n .  Contact 
w i th  C o r d i l l e r a  Formation is l o c a l l y  g rada t iona l .  
Occurs mostly between C o r d i l l e r a  and Rook Moun- 
t a i n  sca rps  bu t  northwest of SchlGter occurs  
ou t s ide  depressed p a r t  of C o r d i l l e r a  scarp.  Also 
occurs i n  patches i n  c e n t e r  of basin.  O r i g i n  
unce r t a in .  May c o n s i s t  mostly of f a l l b a c k  from 
the base surge column. A l t e r n a t i v e l y ,  may con- 
s i s t  of i n t ense ly  f r ac tu red  r i m  ma te r i a l  which 
was o r i g i n a l l y  similar t o  the  C o r d i l l e r a  Forma- 
t i o n  but  slumped inward du r ing  c r a t e r  f i l l i n g  
and sca rp  formation,  thereby modifying the  p r f -  
mary s u r f a c e  t ex tu re .  

Rad ia l ly  braided Transverse r idge  
m a t e r i a l  m a t e r i a l  

Cord i l l e r a  Formation 

Radial ly  braided ma te r i a l .  Character ized by 
coa r se  t o  f i n e  s u b r a d i a l  r i dges  and grooves 
wi th  a swi r ly  t o  braided t ex tu re .  Occurs 
mostly ou t s ide  C o r d i l l e r a  sca rp  and com- 
p l e t e l y  surrounds Or i en ta l e  basin.  Extends 
f a r t h e s t  from bas in  towards the no r th  and 
south.  Over l i e s  complexly c r a t e r e d  o lde r  
t e r r a  su r face .  Braided t ex tu re  becomes 
p rogres s ive ly  less d i s t i n c t  with inc reas ing  
d i s t a n c e  from the  bas in ,  as thickness  a p -  
p a r e n t l y  decreases .  Becomes ind i s t ingu i sh -  
ab le  from c r a t e r e d  t e r r a  ma te r i a l s  i n  v i -  
c i n i t y  of Grimaldi,  Darwin, and Byrgius. 

Transverse r idge  ma te r i a l .  Character ized by 
f i n e  dunel ike s t r u c t u r e s  o r i en ted  circum- 
f e r e n t i a l l y  t o  the  bas in  and a t  r i g h t  angles  
t o  the l i n e a t i o n  of the r a d i a l l y  braided 
ma te r i a l .  Occurs on d i s t a l  walls of pre- 
Or i en ta l e  c r a t e r s .  This u n i t  is not  pre- 
s e n t  w i t h i n  300 km of the  C o r d i l l e r a  scarp.  
Composed of base-surge m a t e r i a l s  whose r a -  
d i a l  momentum was d i s s i p a t e d  a t  the  base of 
obs t ac l e s  such as c r a t e r  w a l l s .  

Cons i s t s  of b a l l i s t i c a l l y  depos i t ed  e j e c t a  
o v e r l a i n  by base-surge d e p o s i t s  of unknown 
th i ckness ;  both ma te r i a l s  produced by the  
impact of an  a s t e r o i d a l  body near  the c e n t e r  
of Or i en ta l e .  

Pre-Orientale  t e r r a  m a t e r i a l  

Mapped only w i t h i n  Or i en ta l e  basin.  Forms smooth- 
textured l a r g e  blocks o f t e n  wi th  r e c t i l i n e a r  out-  
l i nes .  Occurs mostly i n  Rook Mountains b u t  a l s o  
p re sen t  i n  the  inne r  ring. Probably c o n s i s t s  of 
h igh ly  f r ac tu red  pre-Orientale  bedrock of d i v e r s e  
o r ig in .  P resen t  su r f ace  expres s ion  suggests  t h a t  
t hese  blocks have been s t r u c t u r a l l y  depressed l e s s  
than the  materials of t he  ad jacen t  c rude ly  con- 
c e n t r i c  troughs.  Fal lback and r i m  depos i t s  t h i n  
t o  absen t  a t  su r face .  
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south  of t h e  c e n t r a l  mare. The h i l l s  are i r r e g u l a r  on a 1 km 

scale and are h ighly  d i s sec t ed  by f r a c t u r e s  up t o  1 km across .  

The t h i r d  t e r r a i n  u n i t  of t he  inner  r i n g  is t r a n s i t i o n a l  wi th  the  

r o l l i n g  topography. 

s t e e p  h i l l y  topography on t h e  outer  f r i n g e  of the  r o l l i n g  h i l l s  

as i n  the  southeast .  This  t e r r a i n  i s  very  similar t o  t h a t  o f  t he  

Rook Mountains. The fou r th  t e r r a i n  type a t  the f o o t  of the  Rook 

Mountains n e a r e s t  t he  c e n t r a l  bas in  is a n  incompletely developed 

r i n g  of dark  smooth mare (Mare Veris) which is similar t o  t h a t  of 

the c e n t r a l  mare basin.  

It c o n s i s t s  of i s o l a t e d  massifs o r  areas of 

The o u t e r  r i n g  between the Rook and C o r d i l l e r a  Mountains 

conta ins  th ree  d i s t i n c t  t e r r a i n  types. F i r s t ,  the  Rook Mountains 

comprise a r i n g  of rugged, blocky topography up t o  75 km wide. 

The r e l i e f  i s  most pronounced on the  c e n t r a l  bas in  s ide .  Opposite 

t he  bas in ,  i nd iv idua l  blocks tend t o  merge i n t o  the second type 

of ou ter - r ing  t e r r a i n ,  which is  hummocky on a 1-km scale, somewhat 

l i k e  the r o l l i n g  topography ins ide  the  Rook Mountains. The su r face ,  

although rough a t  a 1-km scale, is level on a 10-km scale. This 

area is more homogeneous than the o the r  un i t s .  

from 80 t o  115 km i n  width. The t h i r d  t e r r a i n  type of t he  ou te r  

r i n g  is an  area of dark smooth mare (Mare Autumni) similar t o  the  

f o u r t h  t e r r a i n  type i n  the  inner  r ing.  This occurs a t  the  f o o t  

of the  C o r d i l l e r a  scarp.  This mare i s  only developed i n  a few 

p laces ,  a l l  on the east s i d e  of the  basin.  

The b e l t  ranges 

The ou te r  r i m  of the  Or i en ta l e  bas in  can be recognized €or 

a t  least 300 km beyond the  Cord i l l e r a  Mountains. It has a coarse ly  

braided t ex tu re  making i t  the  most d i s t i n c t i v e  t e r r a i n  type. I n  

some areas i t  resembles a series of i n t e r lock ing  chevrons which 

open away from the  basin.  There are a number of r a d i a l  grooves, 

t he  l a r g e s t  of which is on the southeas te rn  r i m .  Beyond 300 km 

from t h e  Cord i l l e r a  sca rp  the  t ex tu re  becomes less apparent  u n t i l  

i t  i s  ind i s t ingu i shab le  from the surrounding highlands o r  mare 

surfaces .  
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Pre-Orbi ter  Observations and I n t e r p r e t a t i o n s  

Geologic i n t e r p r e t a t i o n s  of the  Or i en ta l e  bas in  from Earth- 

based t e l e scop ic  observat ions w e r e  made by Hartmann and Kuiper 

(1962),  Hartmann (1964), and McCauley (1964b). These in t e rp re -  

t a t i o n s  were based i n  p a r t  on t he  e x c e l l e n t  limb drawings produced 

by Al ika  Herr ing (1962). 

This e a r l y  work i s  of i n t e r e s t  because it  demonstrates what 

can be done even wi th  incomplete t e l e scop ic  d a t a  ( f i g .  7). 
mann and Kuiper (1962) d iscussed  the s i m i l a r i t y  between Mare 

Or ien ta l e  and o t h e r  mult i - r inged bas ins  such as Mare Nectaris and 

Mare Imbrium. They noted the  patches of smooth mare material 

which occupy v a l l e y  f l o o r s  ad jacen t  t o  the  inner  faces  of the  

s t e e p  a rcua te  scarps.  They in t e rp re t ed  these  as pools of lava 

which had welled up a long  f a u l t s  assoc ia ted  with the  scarps .  

Hartmann (1964) descr ibed the  bas in  i n  cons iderable  d e t a i l  wi th  

p a r t i c u l a r  a t t e n t i o n  t o  the  r a d i a l  s t r u c t u r e s .  I n  h i s  i n t e rp re -  

t a t i o n ,  dark  mare material came up from a depth which w a s  reached 

only by f r a c t u r e s  i n  the c e n t e r  and along the  concent r ic  scarps. 

The l a r g e r  r a d i a l  v a l l e y s  and assoc ia ted  craters were in t e rp re t ed  

as g e n e t i c a l l y  r e l a t e d  s t r u c t u r a l  f ea tu re s .  

north-south d i s t r i b u t i o n  of t he  r a d i a l  s t r u c t u r e  system w a s  noted 

and a t t r i b u t e d  t o  a nonver t i ca l  impact. 

H a r t -  

The asymmetrical 

McCauley (196413) took the  s t r a t i g r a p h i c  approach t o  the  ge- 

ology of Mare Or ien ta l e  and descr ibed f o r  t he  f i r s t  t i m e  a blan- 

k e t  of materials surrounding the  bas in  and r e s t i n g  on an  o lde r  

c ra t e red  sur face .  A t  t e l e scop ic  r e s o l u t i o n  the  materials appear 

t o  be hummocky and t o  p a r t l y  f i l l  o lde r  craters. The two l a r g e s t  

craters w i t h i n  the  b l anke t ,  R i c c i o l i  and Grimaldi,  are p a r t l y  

f i l l e d  b u t  t h e i r  f l o o r s  a r e , i n  turn , f looded  by later mare material. 

The thickness  of t h e  b lanket  decreases  out  from t h e  bas in  cen te r ,  

as suggested by the  f a c t  t h a t  the depth of f i l l  of o lde r  craters 

i s  progress ive ly  less away from the basin.  McCauley informally 

named t h i s  b lanket  the C o r d i l l e r a  Group and in t e rp re t ed  i t  t o  

c o n s i s t  of a mixture of crushed d e b r i s  der ived from the  c e n t e r  
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Figure  7.--Sketch map of Mare Orientale region prepared from 

Earth-based t e l e s c o p i c  photography. (From McCauley, 1964 

1967b.) Scale approximately 1:7,000,000. 
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Exp lana t ion 

Craters superposed on hummocky material 
from Mare Or ien ta le .  

Dark mare material f i l l i n g  craters and 
l a r g e  bas ins .  

..... ... F] 
. . . . . . . . . . ... .. 

Material without prominent r a d i a l  s t ruc -  
t u r e  on benches between concent r ic  scarps. 

Hummocky t o  smooth mater.ia1 on r i m  of 
Mare Or ien ta le .  Combination of r a d i a l  and 
concent r ic  s t r u c t u r e  gives a pronounced 
"b l o c  ky I '  t ex tu re  wi th  i n  sever a 1 hund red 
k i lometers  of the  C o r d i l l e r a  scarp.  

- / - .  
( r  '- 1 

Pre-Orientale c r a t e r s  p a r t l y  o r  completely 
mantled wi th  hummocky t o  blocky material from 
Mare Or ien ta le .  

Scarps concent r ic  wi th  Mare 
Barbs po in t  toward the  f o o t  

O r  i e n  ta le. 
of t he  scarp.  

Linear s t r u c t u r e s  (mostly f a u l t s )  r a d i a l  
t o  Mare Orientale. 
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of the  basin.  

f ined  pending the  a c q u i s i t i o n  of b e t t e r  photographs. 

(1) the  material between the Cord i l l e r a  and Rook Mountains which 

has no buried craters and appears much smoother than the  r i m  mate- 

Two subuni t s  were recognized b u t  no t  formally de- 

These were: 

r ia l  a t  t e l e scop ic  r e so lu t ion ,  and (2) the  more coa r se ly  tex tured  

r i m  material. 
McCauley concluded t h a t  the  major f e a t u r e s  were formed by a com- 

b ina t ion  of impact and volcanic  processes.  The bas in  i t s e l f  was  

excavated by a l a rge  meteor i te  which threw out  d e b r i s  and blan- 

keted a n  area 1,000 km i n  radius .  The concent r ic  s ca rps  and ra- 

d i a l  f r a c t u r e s  formed contemporaneously wi th  the  blanket .  Exten- 

sive volcanism occurred dur ing  Imbrian t i m e  and flooded the  cen- 

t ra l  bas in  of Or i en ta l e  and many of t he  nearby craters. 

Geologic I n t e r p r e t a t i o n s  Based on O r b i t e r  Photography 

Seve ra l  hypotheses of t he  o r i g i n  and h i s t o r y  of t he  Or i en ta l e  

bas in  may be set up from photogeologic i n t e r p r e t a t i o n  of Orb i t e r  

photography us ing  s t r a t i g r a p h i c  p r i n c i p l e s  similar t o  those adopt- 

ed by McCauley (1964b) and drawing from s t u d i e s  of terrestrial 

analogs. The prel iminary tests f o r  these  hypotheses l i e  i n  wheth- 

er o r  no t  they are c o n s i s t e n t  with the  p re sen t ly  a v a i l a b l e  photo- 

graphic  data .  

I n  c o n s t r a s t  t o  the  impact o r i g i n  previously proposed by 

Hartmann, Kuiper,  and McCauley, Green proposed a volcanic  o r i g i n  

f o r  t he  bas in  ( O r i t i  and Green, 1967). 

c e n t r i c  f e a t u r e s  as r i n g  d ikes  and cone shee ts .  The o r i g i n  of 

such f e a t u r e s  has been descr ibed and discussed i n  some d e t a i l  by 

H e  i n t e r p r e t e d  the  con- 

Anderson (1936). 

development of sub rad ia l  and concent r ic  f r ac tu res .  

the  dome caused the  formation of inward-facing t angen t i a l  scarps .  

These t a n g e n t i a l  f r a c t u r e s  f i l l e d  wi th  volcanic  material t o  form 

r i n g  dikes .  

cone shee ts .  

Green's model calls  f o r  r eg iona l  doming and 

Collapse of 

Later doming o r  explosive phases may have formed 

Chain craters developed along r a d i a l  f r a c t u r e s .  

Green's a n a l y s i s  is incomplete, however, because he d id  no t  
d i scuss  the  obvious braided r i m  facies o r  t he  secondary craters 
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which may be i d e n t i f i e d  out  t o  a t  least 1,500 km. 
craters c l o s e l y  resemble those t h a t  form as a r e s u l t  of major im-  

pacts .  

appear t o  have formed as a r e s u l t  of co l l apse  i s  a l s o  c o n s i s t e n t  

wi th  a n  impact o r i g i n  as developed by McCauley (1967a, b) .  

McCauley's i n t e r p r e t a t i o n ,  t h e  i n i t i a l  event  was the  impact of an  

a s t e r o i d  a t  the  cen te r  of t he  present  inner  basin.  The shock 

wave t h a t  w a s  propagated outward caused l a rge  c r u s t a l  segments t o  

be t h r u s t  up and outward. The subsequent shock-wave r a r e f a c t i o n  

r e su l t ed  i n  crater excavation. Although much of the  high-angle 

ejecta probably reached escape v e l o c i t y ,  the  low-angle ejecta im- 

pacted the  lunar  su r face  and formed secondary craters. A base 

surge produced by the co l l apse  of a dense column of ejecta over 

the bas in  formed the  braided r i m  deposi t .  The concent r ic  scarps  

formed s h o r t l y  a f t e r  crater excavat ion by g r a v i t a t i o n a l  co l l apse  

along c i r cumfe ren t i a l  f r a c t u r e s .  

produced the  mare and p l a i n s  materials which occupy the  c e n t r a l  

bas in  and low areas adjacent  to the scarps .  

The secondary 

However, Green's c e n t r a l  argument t h a t  the  major scarps  

I n  

Subsequent vo lcanic  a c t i v i t y  

Although the i n t e r p r e t a t i o n s  by McCauley and Green are very  

d i f f e r e n t ,  they agree on a h i s t o r y  involving volcanic  a c t i v i t y  

f o r  the region. There i s  a l s o  agreement on the  formation of the  

scarps  by co l lapse .  

That volcanism occurred during O r i e n t a l e ' s  later h i s  t o r y  i s  

by no means c e r t a i n .  Mass-wasting processes  may have modified an 

i n i t i a l  impact crater t o  produce the  present  physiographic f ea tu res .  

This s i t u a t i o n  is  one member of a series of p o s s i b i l i t i e s :  vol-  

canism only,  impact and volcanism, impact and p r imar i ly  mass w a s t -  

ing. 

series. 

Mass wast ing is probably an  element of a l l  members of the  

The idea  t h a t  l a rge  mare areas may form s o l e l y  by mass w a s t -  

ing  has been proposed by Gold (1955). 
ened by evidence from the  la rge-sca le  photographs by Ranger, O r -  

b i t e r ,  and Surveyor missions. 

and p l a i n s  areas implies t o t a l  homogenization of the  materials. 

The argument has been weak- 

Mass wasting as the  o r i g i n  of mare 
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However, lateral v a r i a t i o n s  i n  mare s t r a t i g r a p h y  are v i s i b l e  i n  

Orb i t e r  photographs. 

ing) 
craters l a r g e r  than a c e r t a i n  l i m i t i n g  s i z e  (Eggleton, 1967a). 

This s i z e  varies from region  'to region. 

o v e r l i e  dense cohesive material which provides blocks and forms 

terraces i n  the  l a r g e r  craters. 
rock" produced by compaction of fragmental  material, then i t  i s  

d i f f i c u l t  t o  exp la in  why the lower s i z e  l i m i t  of f r e s h  craters 

wi th  block f i e l d s  v a r i e s  from one mare area t o  another.  F i e ld  

s t u d i e s  of f r e s h  craters produced by missile impacts a t  White 

Sands, N. Mex. (H. J. Moore, personal  commun.) i n d i c a t e  t h a t  the 

t o t a l  amount of " i n s t a n t  rock" i n  the  ejecta b lanket  is a rela- 

t i v e l y  small propor t ion  of t he  t o t a l  ejecta--most blocks are quar- 

r i e d  from shallow l aye r s  of weakly cohesive material and are not  

shock l i t h i f  ied. 

Vertical v a r i a t i o n  (i. e. , hor i zon ta l  l ayer -  

is implied by the  blocks and terraces assoc ia ted  wi th  f r e s h  

Fragmental material may 

I f  these  blocks are a l l  " ins t an t  

I n  the  remaining d iscuss ion ,  a number of f e a t u r e s  from the  

Or i en ta l e  bas in  are descr ibed i n  the  contex t  of var ious  geologic  

in t e rp re t a t ions .  It is pointed out  how these  o r  similar f e a t u r e s  

may support  o r  d e t r a c t  from p a r t i c u l a r  arguments and how manned 

su r face  inves t iga t ions  may provide t h e  necessary answers. The 

r e s o l u t i o n  of the  present  photography (approximately 70 meters) 

l i m i t s  the  cons idera t ion  t o  la rge  f ea tu res .  

The photogeologic map ( f i g .  6 )  and index ( f i g .  1) w i l l  a i d  

i n  the  loca t ion  of these  examples wi th  respect t o  major bas in  

f ea tu res .  

The c e n t r a l  bas in  mare resembles t y p i c a l  mare elsewhere on 
t h e  Moon. Before explora t ion  of Or i en ta l e  becomes a r e a l i t y ,  much 

w i l l  be  known about mare materials and d e t a i l e d  comparisons w i l l  

be poss ib le .  

One of t he  mare s t r u c t u r e s  i n  Or i en ta l e  is a n  i r r e g u l a r  r i dge  

i n  the  western p a r t  of the c e n t r a l  bas in  ( f i g .  8). 
wrinkle  r idges  seen  i n  o t h e r  mare regions.  Baldwin (1963) s t a t e d  

t h a t  wrinkles  i n  the mare sur faces  imply a compression e f f e c t .  

It resembles 
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Figure 8. - -Par t  of wrinkle  r idge.  S c a l e  1:500,000. 
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The mechanism f o r  t h i s  compression may be  i s o s t a t i c  readjustment 

t o  the  weight of the  mare flows o r  withdrawal of molten magma 

back i n t o  the  Moon's i n t e r i o r  before  a t h i c k  su r face  c r u s t  has 

formed. 

s t r u c t i o n s  i n  shallow areas where the  adjustment t o  the  compress- 

i o n a l  stress is inhib i ted .  

Wrinkle r idges  should tend t o  form over subsurface ob- 

The c e n t r a l  bas in  of Or i en ta l e  i s  ba re ly  l a rge  enough t o  pro- 

v ide  enough shor ten ing  by evacuat ion of material i n  t h e  manner 

pos tu la ted  by Baldwin. However, t he re  is a n  a s s o c i a t i o n  of the  

wrinkle  r idge  wi th  a n  underlying r idge  of f l o o r  material. 

po r t ions  of f l o o r  material appear t o  be exposed i n  p laces  a long 

the ridge.  Evacuation of molten material from below the  t h i n  

c r u s t  may have caused the  r idge  t o  form where the  c r u s t  had be- 

come welded t o  underlying f l o o r  material. Another r idge  f a r t h e r  

eastward extending from t h e  south edge of t h e  c e n t r a l  mare shows 

the  same re l a t ionsh ip .  

Rough 

The wrinkle  r idges  i n  Or i en ta l e  would be s t r u c t u r a l  f e a t u r e s  

by t h i s  i n t e r p r e t a t i o n .  The margins are indeed bounded by low 

scarps ;  t he  more rugged material seen  i n  the  c e n t r a l  p a r t  of the  

r idges  should be composed of brecc ia ted  f l o o r  material. The 

scarps  a t  the  margins of t he  r idges  should provide a vertical  sec- 

t i o n  of mare material and may provide c lues  t o  the c r y s t a l l i z a t i o n  

h i s t o r y  of t h i s  mare. 

Evacuation of magma from the  c e n t r a l  p a r t  of a volcanic  flow 

may cause sca rps  t o  form on the  margin of the flow o r  around pro- 

t rud ing  o lde r  rocks ( s t e p t o e s ) .  These scarps  are c a l l e d  slump 

scarps  (Finch,  1933) o r  lava subsidence scarps  (Sharpe,  1938). 

Owing t o  shrinkage and l o s s  of gas ,  the  he ight  of these  scarps  

may be 20 percent  of t he  thickness  of the  flow (Macdonald, 1954, 

p. 133-134). Evacuation of magma and shr inking  are processes  

which commonly produce slump scarps  i n  H a w a i i .  The decrease i n  

volume of fill i n  Halemaumau in  1954 was about 52 pe rcen t ,  sug- 

g e s t i n g  t h a t  as w e l l  as shr inking ,  the  lava drained back i n t o  i t s  

vents  (Macdonald and Eaton, 1957). 
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Severa l  mare s t r u c t u r e s  provide evidence i n  support  o f  t he  

i n t e r p r e t a t i o n  of  co l l apse  around pro t ruding  blocks on t h e  f l o o r  

a f t e r  the  evacuat ion o r  shr inkage of . I n  f i g u r e s  9 and 10, 

the  blocks t h a t  rise above the  gener 

ported by s t e p t o e s  where molten material became f rozen  around 

blocks of f l o o r  material and remained e l eva ted  when t h e  surround- 

ing area subsided. The west-facing sca rp  of the  block i n  f i g u r e  

9 rises 425 meters above the  mare surface.  The subc i r cu la r  de- 

p re s s ion  a t  the south end of t h i s  block is  a subsidence f e a t u r e  

wi th  a low r i m  on the  w e s t  s ide .  This r i m  rises about 140 meters 

above the  mare ou t s ide  the  depression. The r i m  could be composed 

of vo lcanic  materials and the  depress ion  itself may be a p i t  cra- 

ter which has subsided along f r a c t u r e s  produced dur ing  the  i n i t i a l  

shr inkage o r  d ra in ing  of t he  mare material. This region should 

face appear t o  be  sup- 

be s tud ied  dur ing  ground traverses. Cross sec t ions  of mare mate- 

r ia l  may be displayed on the  s i d e s  of t he  e leva ted  blocks. 

c a l d e r a l i k e  depress ion  should be s tudied  t o  determine whether 

t he re  are assoc ia ted  volcanic  materials. 

The 

The low scarp  between the  l i g h t  p l a i n s  and the mare of t he  

c e n t r a l  bas in  is  probably a slump scarp  ( f i g .  10). The higher  

albedo material appears t o  be s l i g h t l y  o lde r  mare-like f i l l i n g .  

Af t e r  withdrawal o r  shr inkage of material i n  the  c e n t r a l  mare 

bas in ,  the  darker  mare flooded t6e area up t o  the slump scarp.  

The depressed block i n  f i g u r e  10 is probably bounded by f r a c t u r e s  

i n  the  l i g h t  p l a i n s  and not  r e l a t e d  t o  deep-seated f r ac tu res .  

A c a l d e r a l i k e  crater about 35 km i n  diameter occurs a t  the  

e a s t e r n  r i m  of t he  c e n t r a l  mare basin.  The most enigmatic f e a t u r e  

of t h i s  crater is a r i m  depos i t  which subdues ad jacent  topography 

( f i g s .  11, 12) and is thus c l e a r l y  younger (Eggleton, 1967b; 

McCauley, 1967a). I f  t h i s  were ejecta from a n  impact crater, one 

would expect  t o  f i n d  secondary craters on the  surrounding t e r r a i n  

(see f i g .  13, a n  impact crater 150 km northwest of t h i s  crater). 

None have been iden t i f i ed .  

before  the dark  mare w a s  emplaced, and the  dark  mare could have 

The crater could have formed by impact 
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Figure  9.--Slump sca rp  around s t e p t o e  and c o l l a p s e  de- 

pression.  Sca le  1:500,000. 

F igure  10.--Slump sca rps  a long  margin of c e n t r a l  mare b a s i n  

o u t l i n i n g  c o l l a p s e  depression.  S c a l e  1:1,000,000. 
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Figure  13. --Impact crater and secondary c r a t e r s .  Scale 

1:1,000,000. 

la ter  o b l i t e r a t e d  the  secondaries .  The o r i g i n a l  r i m  may, there-  

f o r e ,  be modified by  r ecen t  volcanism a long  f r a c t u r e s  formed by 

the  impact, thereby o b l i t e r a t i n g  the  o r i g i n a l  topography. McCauley 

(1967a), however, pointed out  t h a t  l a r g e  r i m  troughs and t e r r a c e s  

are produced around impact craters. These f e a t u r e s  have not  been 

found i n  volcanic  c r a t e r s .  The crater i n  ques t ion  i s  too young 

and too  l a r g e  t o  have l o s t  t hese  d i agnos t i c  f e a t u r e s  by any com- 

b i n a t i o n  of mass wasting and volcanism. On the  b a s i s  of d e t a i l e d  

compakison of t h e  form and s t r a t i g r a p h i c  r e l a t i o n s  of t h i s  crater 

and the  impact crater 150 km t o  t he  northwest ,  McCauley concluded 

t h a t  two primary crater types are p resen t  on the  Moon. 

t he  e x t e r i o r  troughs and terraces are impact craters; those wi th  

smooth e x t e r i o r  r i m s  are volcanic  i n  o r ig in .  Deta i led  s tudy  of 

Those wi th  
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both these  f e a t u r e s  during manned exp lo ra t ion  may r e so lve  f i n a l l y  

the  problem of lunar  crater genesis .  I f  McCauley's t h e s i s  i s  cor-  

r e c t ,  both impact and volcanic  craters are present  and they can be 

d i s t ingu i shed  by ob jec t ive  photographic c r i te r ia  i f  the  c r a t e r s  are 

not  s eve re ly  modified and i f  t he  q u a l i t y  of the  photographs is  su f -  

f i c i e n t  t o  show the  f i n e  d e t a i l s  of r i m  morphology. A ground tra- 

ve r se  could e s t a b l i s h  whether the  r i m  is pure ly  of a cons t ruc t iona l  

vo lcanic  na tu re ,  and thus the  c r a t e r  i s  a c a l d e r a ,  o r  i s  composed 

of impact b recc ia  mantled by a few meters of vo lcanic  material. 

The su r face  t ex tu re  of the  material ad jacent  t o  the  c e n t r a l  

mare i n  the  southern ,  e a s t e r n ,  and no r theas t e rn  p a r t s  of t he  inner  

r i n g  is  un l ike  t h a t  of the  l i g b t  p l a i n s  material. It i s  rough on 

a 1-km scale and is  cha rac t e r i zed  by broad domical h i l l s  on a 10- 

km sca le .  This  h i l l y  f a c i e s  of the  c e n t r a l  bas in  p l a i n s  material 

may have been ernplaced as lava  flows a t  the  same t i m e  as the  l i g h t  

p l a ins .  When the  d ra in ing  o r  shr inkage of the  p l a i n s  material oc- 

cu r red ,  t h i s  material would have draped down over l a rge  blocks of 

f l o o r  material t o  form the  broad r o l l i n g  h i l l s  ( f i g s .  14, 15). 

F igure  14. --Lobate h i l l s  i n  c e n t r a l  bas in  p l a i n s  material. 
Scale 1:1,000,000. 
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Figure  15. --Southern p a r t  of inner  r i n g  showing h i l l y  
c e n t r a l  bas in  p l a i n s  mater ia l .  Sca le  1:1,000,000. 

F igure  16.--Breached crater i n  Mare Veris, a t  base of 
nor thern  Rook Mountains. Two periods of flow activ- 
i t y  ind ica ted  by r i l l e  breaching southern w a l l  which 
is i t s e l f  covered by more r ecen t  mater ia l .  Sca le  
1: 1,000,000. 
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Large blocks similar t o  those which may unde r l i e  t hese  domical 

h i l l s  occur i n  many p laces  as a r i n g  j u s t  i n s i d e  the  dark  p l a i n s  

material (Mare Veris) of the  inner  r i n g  ( f i g s .  1, 6 ) .  
An a l t e r n a t i v e  i n t e r p r e t a t i o n  is t h a t  t h i s  material is impact- 

melted b recc ia  ( suev i t e ) .  

molten state and would have flowed back i n t o  t h e  c e n t r a l  mare basin.  

Blocks and o t h e r  i r r e g u l a r i t i e s  i n  the f l o o r  would be draped by it 

and would impede i t s  flow. This  may exp la in  the  roughly r a d i a l  

d i s p o s i t i o n  of the  domical h i l l s .  

be covered wi th  blocky ejecta which f e l l  back i n t o  the  basin.  

t h i r d  p o s s i b i l i t y  is t h a t  ash  flows i n  a very  low-density gas- 

f i l l e d  state, welled up i n  the  c e n t r a l  bas in  and then s e t t l e d  down 

over blocks on the  f l o o r  (McCauley, personal  commun.). These pos- 

Such material might have been i n  a semi- 

The su r face  of t he  s u e v i t e  would 

A 

s i b i l i t i e s  could be checked by ground traverse. Welded volcanic  

ash  may c l o s e l y  resemble lava flows. Suev i t e  would con ta in  evi- 

dence of shock e f f e c t s  e i t h e r  as lamellae, selective v i t r i f i c a t i o n ,  

o r  o the r  petrographic  f e a t u r e s  (Chao and L i t t l e r ,  1963). Labora- 

t o r y  analyses  of samples and t h i n  s e c t i o n  s tudy could r e so lve  t h i s  

problem. 

Mare p l a i n s  occur ad jacent  t o  the h i l l y  facies, a t  the  f o o t  

of t he  Rook Mountains. These p l a i n s ,  which resemble the  c e n t r a l  

mare both i n  albedo and crater frequency, have several f e a t u r e s  

of geologic  i n t e r e s t  assoc ia ted  with them. One such f e a t u r e ,  a 

breached crater about 15 km across  ( f i g .  16) ,  i s  occupied and sur -  

rounded by p l a i n s  material. Severa l  sinuous r i l les  p a r t l y  f i l l e d  

by mare p l a i n s  material extend from the  breached p a r t  of the  cra- 

ter w a l l .  The a s s o c i a t i o n  of t h i s  crater wi th  mare material and 

sinuous rilles suggests  volcanism. Surface observat ions and sample 

a n a l y s i s  should relate the  c r a t e r ,  r i l l es ,  and mare materials. 

The r i l les  preda te  the  uppermost mare material and c u t  t he  h i l l y  

f a c i e s  of t he  l i g h t  p l a i n s  material. 

volcanic  f e a t u r e  c o n s i s t i n g  of material of t he  same composition 

as the  l i g h t  p l a i n s  material and was  a s soc ia t ed  with the  deposi-  

t i o n  of t h a t  material. 

Poss ib ly  the crater is  a 
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A 3-km dark-halo crater  occurs i n  t h e  nor thern  p a r t  of t h e  

inner  r i n g  ( f i g .  17) .  

ejecta of t h i s  crater and t h e  surrounding mare p l a i n s  were 

determined, t h e  o r i g i n  of the  crater  could probably be es tab l i shed .  

I f  t h e  d i f f e r e n c e  between the  d a r k  r i m  

Figure 17. --Dark-halo crater. S c a l e  1:500,000. 

Severa l  low domes occur i n  Mare Veris, t he  easternmost of t h e  

inne r  r i n g  mare p l a i n s  ( f i g .  18). They appear t o  be cons t ruc t ion-  

a l  vo lcanic  f e a t u r e s ;  however, they are l o c a l l y  bounded by f a i r l y  

d i s t i n c t  s ca rps .  Three of them have c e n t r a l  p ro t rus ions  of l i g h t  

and i r r e g u l a r  blocks similar i n  appearance t o  t h e  blocks of t h e  

Rook Mountains. These may be s t ep toes .  This a s s o c i a t i o n  suggests  

a s t r u c t u r a l  o r i g i n  by withdrawal of magma, as wi th  s imilar  fea- 

t u r e s  on the  c e n t r a l  mare. These f e a t u r e s  should be s tudied  by 

ground traverse. There i s  a suggest ion of overlap of two of t h e  

domes, thus support ing a n  e x t r u s i v e  o r i g i n .  The composition of 

t h e  dome material may be s l i g h t l y  d i f f e r e n t  from t h a t  of t h e  sur -  

rounding dark  p l a i n s  material, i n d i c a t i n g  a d i f f e r e n t i a t i o n  trend. 

I f  the sca rps  are s t r u c t u r a l ,  they may r e t a i n  some evidence of t h e  

t y p e  of deformation which occurred. 
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Figure 18. --Domes on mare material. Scale 1:500,000. 

The Montes Rook Formation ( informal  name) of t he  o u t e r  r i n g  

i s  rough a t  a 1-km scale but  l e v e l  a t  a scale of 10 t o  100 km 

( f i g .  19). McCauley (1967a, b) t e n t a t i v e l y  i n t e r p r e t e d  t h i s  

formation as e jec ta  and c r u s t a l  material brecc ia ted  by impact. 

Brecc ia t ion  could a l s o  have been induced by subsidence o f  t he  

r i n g ,  as i n  a l a r g e  caldera .  I f  some of t h e  s u r f a c e  material i s  

shock metamorphosed and can be recognized by d i f f e r e n t  composition 

o r  by t h e  presence of meteoki t ic  materi.al, t h i s  may h e l p  reso lve  

the  problem of impact versus  c a l d e r a  o r i g i n  of t he  basin.  

The C o r d i l l e r a  Mountains are bounded on t h e  i n t e r i o r  by a 

s c a r p  of cons iderable  l o c a l  r e l i e f  ( f i g .  20) .  Owing t o  e i t h e r  

impact o r  c a l d e r a  subsidence,  t h i s  s ca rp  exposes g r e a t  s e c t i o n s  

of c r u s t a l  material. I f  the bas in  formed by impact, t h e  s c a r p  

may b e  mantled by the e j e c t a  b lanket ,  which should e x h i b i t  enough 
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Figure 19.--Montes Rook Formation in northern part of 
outer ring. Scale 1:500,000. 

Figure 20.--Cordillera scarp (contact between Montes 
Rook Formation and Cordillera Formation). Scale 
1 : 1,000,000. 

52 



composi t ional  and t e x t u r a l  c h a r a c t e r i s  tics t o  enable  i t s  i d e n t i f  i- 

ca t ion .  The r a d i a l l y  bra ided  f a c i e s  o r  ou te r  r i m  b lanket  is shown 

i n  f i g u r e  21. Loca l ly  generated volcanic  material should be read- 

i l y  d i s t i n g u i s h a b l e  from impact ejecta. The C o r d i l l e r a  s c a r p  w i l l  

d i s p l a y  an  ex tens ive  s e c t i o n  of c r u s t a l  material i n  areas where 

scree does no t  completely mantle t h e  slope.  

t h i s  s e c t i o n  t h e  b lanket ing  material which forms the  r a d i a l l y  

I n  the  upper p a r t  of 

bra ided  facies of the  C o r d i l l e r a  Formation should a l s o  be exposed. 

F igure  21.--Radially braided f a c i e s  of C o r d i l l e r a  Forma- 
t ion.  S c a l e  l: 1,000,000. 

The C o r d i l l e r a  Formation appears t o  o v e r l i e  some Or ien ta l e  

secondary craters (McCauley, personal  commun.). Secondary craters 

r e l a t e d  t o  O r i e n t a l e  are w e l l  preserved immediately beyond t h e  

b lanket  b u t  are ind i s t ingu i shab le  on the  b lanket ;  suggest ing t h a t  

most of t h e  secondaries  formed before  depos i t i on  of t h e  uppermost 

p a r t  of t h e  C o r d i l l e r a  blanket.  

ted a t  a high angle  a t  less than escape v e l o c i t y  w i l l  r e t u r n  t o  the  

s u r f a c e  wi th in  s e v e r a l  hours,  t h e  b lanket  w a s  probably s t i l l  form- 

Since t h e  bulk of t h e  material ejec- 
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ing after t h a t  t i m e .  

t i o n  is a base surge produced by the  i n i t i a l  wave of material 

(Young, 1965) o r  by the  subsidence of a column of ejecta over the  

basin.  Most of t he  b a l l i s t i c  material which produced secondaries  

apparent ly  impacted before  t h e  base surge  had subsided. 

of material completely overwhelmed the  secondary craters which 

preceded it. 

A poss ib l e  mechanism f o r  the  b lanket  deposi-  

This surge 

Conc l u s  ions 

Impact of a n  a s t e r o i d a l  body followed by a h i s t o r y  of volcanism 
and g r a v i t y  t ec ton ic s  appears ,  a t  the  present  t i m e ,  t o  be the  o r i -  

g i n  which s a t i s f i e s  most of the  observat ions.  

t he  r a d i a l  f r a c t u r e s  and of the C o r d i l l e r a  b lanket  may have been 

produced by a n  inc l ined  impact as suggested by Hartmann (1964). 
The impact produced r a d i a l  and c i r cumfe ren t i a l  f r ac tu re s .  The 

t a r g e t  rock near  the  c e n t e r  was h ighly  brecc ia ted  and shock meta- 

morphosed. Fa r the r  from the  bas in  c e n t e r  the  rock w a s  less brec-  

c i a t ed .  

b u t  t he  rock was f r ac tu red  i n t o  l a r g e  blocks. 

The asymmetry of 

N o  b recc ia t ion  occurred from the  C o r d i l l e r a  scarp  outward, 

A t  the  t i m e  of impact, l a rge  q u a n t i t i e s  of material were ex- 

cavated and e j ec t ed  i n  b a l l i s t i c  t r a j e c t o r i e s ,  producing second- 

a r y  impact craters out  t o  a t  least 1,000 km. 

e j ec t ed  may have reached escape ve loc i ty .  Some of t he  l a t e - s t age  

ejecta was p a r t i a l l y  melted. This material ( suev i t e )  w a s  thrown 

ou t  t o  the  area of t he  Montes Rook Formation. The p a r t i a l l y  m e l t -  

ed ejecta tended t o  flow back i n t o  the  c e n t r a l  basin.  A s  the  

ejecta f e l l  back, material tended t o  move outward covering the  

su r face  out  t o  nea r ly  300 km. 

probably took p lace  i n  a few hours. 

Much of t he  material 

This e n t i r e  sequence of events  

The mare f i l l i n g  took p lace  soon a f t e r  the  formation of t he  

Frac tures  may have reached molten material o r  the  energy basin.  

of the  impact may have r a i s e d  the  temperature of a l r eady  ho t  sub- 

su r face  rock t o  the  melt ing point.  Materials of t he  c e n t r a l  bas in ,  

Mare Veris, and Mare Autumni are probably i d e n t i c a l  i n  composition 

and age. Crater d e n s i t i e s  suggest  t h a t  mare f i l l i n g  of craters on 
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the  r i m  of the  bas in  i s  younger than the  c e n t r a l  bas in  mare (see 

t a b l e  2). 

Even with l imi ted  mob i l i t y ,  a mission t o  t h e  O r i e n t a l e  bas in  

could y i e l d  much s c i e n t i f i c  information. Addi t iona l  h igh - re so lu t ion  

photographic coverage would be needed, however, as e a r l y  as pos- 

s i b l e .  Perhaps a camera i n  t h e  command module could provide the 

a d d i t i o n a l  coverage. A poss ib l e  landing s i te  might be i n  the 

e a s t e r n  p a r t  of the  c e n t r a l  mare bas in  t o  t h e  southwest of the 

35 km c a l d e r a l i k e  c r a t e r  ( f i g .  11). Within a few ki lometers  of 

such a s i te  samples could be obtained of mare material, c r a t e r  

r i m  material from the c a l d e r a l i k e  c r a t e r ,  pre-mare bas in  m a t e r i a l ,  

and perhaps secondary c r a t e r  material from the  impact c r a t e r  t o  

t h e  northwest. Thus, w i th in  a few ki lometers  much could be learned 

of the  sequence of events  i n  the  for,mation of the  Or i en ta l e  bas in  

and by analogy something of t h e  e a r l y  h i s t o r y  of the  o t h e r  l a rge  

mul t i - r ing  basins.  
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